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 This dissertation presents the development of miniaturized sample preparation 
techniques and procedures for environmental analysis. Various applications of the 
developed techniques were also demonstrated. 
 The miniaturized sample preparation approaches under study comprised of 
electro membrane extraction (EME), in-syringe dynamic liquid-phase microextraction 
(LPME) and two-phase LPME.  
The main focus of this work was to design polymeric membrane devices 
suitable for convenient sample pretreatment and to incorporate automation into the 
miniaturized sample preparation procedures. Novel designs of membrane envelopes 
and membrane sacs were described for the first time in this work. Further steps were 
also taken to design and implement fully-automated LPME-gas chromatography-mass 
spectrometric (GC-MS) systems, which allow multiple and consecutive experiments 
to be carried out sequentially, without any human intervention between experiments. 
The methodologies developed were highly efficient and convenient, which served to 
address the increasing demand for simplicity and automation in the sample 
preparation field. In EME, the simultaneous extraction of more than a single class of 
analytes (acidic, basic and neutral compounds) in single extraction was demonstrated. 
 In Part 1 (Chapter 1), the basis of LPME, leading to the development of EME 
and hollow fiber (HF)-LPME, was discussed. The extraction principles, calculations, 
and applications were summarized. The background of automated LPME techniques 
and chemometric methods that were involved in this work, was included as well. 
 Part 2 focused on the development of EME and its application to simultaneous 





conducted in this work were provided in Appendix A. Chapter 2 explored the 
feasibility of using EME for the extraction of chlorophenols from seawater. A 
comparison of EME with LPME was also carried out.  
In Chapter 3, a novel design of a polymeric membrane envelope was described 
to allow the extraction of both acidic and basic drugs. This was the first time two 
different classes of drugs were successfully isolated, simultaneously, using EME. 
Subsequently, the polymeric membrane envelope was modified as described in 
Chapter 4 such that EME and LPME techniques were combined to extract neutral, 
acidic and basic analytes, simultaneously. 
 Part 3 dealt with the full automation of in-syringe dynamic LPME (Chapters 5 
and 6) and two-phase HF-LPME (Chapters 7 and 8) using a commercial software-
controlled autosampler. The experimental details of these methods were summarized 
in Appendix B.  
In Chapter 5, the full automation of the dynamic in-syringe LPME and GC-
MS analysis of carbamate pesticides was demonstrated. With the use of orthogonal 
array designs, the optimization of the LPME procedure was completed in 64 runs. 
This was the first fully-automated in-syringe LPME procedure that included 
extraction, derivatization and analysis, entailing multiple consecutive experiments, to 
be reported. To investigate the applicability of the fully-automated in-syringe 
dynamic LPME technique, its feasibility to extract chlorophenols combined with in-
situ derivatization was evaluated, as discussed in Chapter 6. 
In Chapter 7, the fabrication of a novel polymeric membrane extraction device 
for fully-automated two-phase LPME, to address the shortcomings and inconvenience 
of reported automated LPME approaches in the literature, was discussed. By this new 
design, there was no need for painstaking alignment of the hollow fiber device and 
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fully-automated extractions could be carried out easily without causing any damage to 
the membrane device by the strong mechanical movement of the microsyringe needle. 
The simultaneous extraction of two different classes of contaminants, nitroaromatic 
compounds and organochlorine pesticides, in environmental water samples, was also 
considered for the first time. Various aspects of the fully-automated two-phase LPME 
technique were studied in detail and discussed in Chapter 8. Modifications to the 
membrane device were made to allow further enhancement in enrichment factors, as 
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Figure 2-1.  Schematic of EME. 
 
Figure 2-2a. Effect of pH in sample solution on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 100 µL pH 12 acceptor 
phase and 1-octanol as SLM. 
 
Figure 2-2b. Effect of pH in acceptor phase on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 1 mL pH 12 sample 
solution and 1-octanol as SLM. 
 
Figure 2-3. Effect of acceptor phase volume on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 1 mL pH 12 sample 
solution and 1-octanol as SLM. 
 
Figure 2-4. Effect of applied voltage on EME of chlorophenols. Extraction was 
performed for 5 min at 700 rpm, with 1 mL pH 12 sample solution, 
20 µL pH 12 acceptor phase and 1-octanol as SLM. 
 
Figure 2-5. Extraction time profile of chlorophenols under applied voltage of 10 
V. Extraction was performed at 700 rpm with 50 V, 1 mL pH 12 
sample solution, 20 µL pH 12 acceptor phase and 1-octanol as SLM. 
 
Figure 2-6. Liquid chromatograms comparing EME and LPME at a concentration 
level of 5 mg/L for each chlorophenol over 10 min extraction time 
while sample was stirred at 1250 rpm. Extraction was performed 
using 20 µL pH 12 acceptor phase and 1-octanol as SLM. Peaks: 1 = 
4CP, 2 = 24DCP, 3 = 246TCP, 4 = PCP. 
 
Figure 2-7. Liquid chromatograms obtained after EME of (a) unspiked sea water 
sample, and (b) sea water sample spiked with PCP at a concentration 
level of 1 µg/L. The arrow indicates the PCP peak. 
 
Figure 3-1. Schematic of membrane envelope fabrication. 
 




Figure 3-3. GC-MS-SIM traces demonstrating the significant effect of voltage on 
cross-membrane transport: (a) EME of analytes at 170 µg/L in ultra 
pure water, carried out at 0 V; (b) EME of analytes at 170 µg/L in 
ultra pure water, carried out at 300 V; (c) Standard mixture of 
analytes at 170 µg/L in methanol (direct injection of 1 µL, no 
extraction). Peaks: 1 = Norephedrine HCl, 2 = Ibuprofen, 3 = 
Alprenolol HCl, 4 = Naproxen, 5 = Ketoprofen, 6 = Propanolol HCl. 
 
Figure 3-4. Extraction time profile. Extraction conditions: 300 V, toluene as 
SLM, 50 µL 1-octanol as acceptor phase, derivatized at room 
temperature for 1 h. 
 
Figure 3-5. Influence of applied voltage on EME. Extraction conditions: 10 min 
extraction time, toluene as SLM, 50 µL 1-octanol as acceptor phase, 
derivatized at room temperature for 1 h. 
 
Figure 3-6. Derivatization conditions for EME. Extraction conditions: 300 V, 10 
min extraction time, toluene as SLM, 50 µL 1-octanol as acceptor 
phase. 
 
Figure 3-7. Effect of NaCl addition on EME. Extraction conditions: 300 V, 10 
min extraction time, toluene as SLM, 50 µL 1-octanol as acceptor 
phase, derivatized at 70ºC for 30 min. 
 
Figure 4-1. Schematic of membrane envelope fabrication. 
 
Figure 4-2. Experimental set-up of LPME-EME system. 
 
Figure 4-3. Selection of SLM. Extraction conditions: 300 V, 5 min extraction 
time, 1-octanol as acceptor phase, derivatized at 60ºC for 20 min. 
 
Figure 4-4. Selection of organic acceptor phase. Extraction conditions: 300 V, 5 
min extraction time, toluene as SLM, derivatized at 60ºC for 20 min.  
 
Figure 4-5. Influence of applied voltage on EME. Extraction conditions: 5 min 
extraction time, toluene as SLM, 1-octanol as acceptor phase, 
derivatized at 60ºC for 20 min. 
 
Figure 4-6. Extraction time profile. Extraction conditions: 300 V, toluene as 
SLM, 1-octanol as acceptor phase, derivatized at 60ºC for 20 min. 
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Figure 5-1. Schematic of fully-automated dynamic in-syringe LPME. 
 
Figure 5-2. The effect of sampling volume (A) and sampling cycles (B) on 
automated dynamic in-syringe LPME. Levels 1, 2, 3 and 4 of (A) are:  
9, 8, 7 and 6 µL respectively; Levels 1, 2, 3 and 4 of (B) are: 9, 12, 
15 and 18 respectively. 
Optimization study was conducted at a concentration level of 1 mg/L 
of each analyte. 
 
Figure 5-3. GC-MS-SIM chromatograms of real samples obtained from fully-
automated dynamic in-syringe LPME. (a) Blank canal water sample, 
(b) Spiked canal water sample (spiked with 10 µg/L of each 
carbamate pesticide). Peaks: 1 = Promecarb, 2 = Aminocarb, 3 = 
Methiocarb, 4 = Carbaryl. 
 
Figure 6-1. GC-MS-SIM chromatograms illustrating the enrichment achieved 
after optimization. (a) Analytes extracted and enriched from 
deionized water samples spiked with 200 µg/L of each analyte, (b) 
Standard mixture of analytes at 200 µg/L in acetone (direct injection 
of 1 µL, no extraction). Peaks: 1 = 4CP, 2 = 24DCP, 3 = 246TCP, 4 = 
PCP. 
 
Figure 6-2. GC-MS-SIM chromatograms of real samples obtained from fully-
automated dynamic in-syringe LPME combined with in-situ 
derivatization. (a) Blank sea water sample, (b) Spiked sea water 
sample (spiked with 10 µg/L of each chlorophenol). Peaks: 1 = 4CP, 
2 = 24DCP, 3 = 246TCP, 4 = PCP. 
 
Figure 7-1. Schematic of extraction device and setup for fully-automated 
membrane-assisted two-phase LPME. 
 
Figure 7-2. The effect of extraction solvent (A), agitation speed (D) and volume 
of extraction solvent used (E) on fully-automated membrane-assisted 
LPME. Levels 1, 2, 3 of (A) are: toluene, isooctane, hexane 
respectively; levels 1, 2, 3 of (D) are: 550, 650, 750 rpm respectively; 
and levels 1, 2, 3 of (E) are: 110, 120, 130 µL respectively.  
Optimization study was conducted at a concentration level of 0.05 
mg/L for each nitroaromatic compound and 2 mg/L for each OCP. 
 
Figure 7-3. GC-MS-SIM chromatograms of real drain water samples obtained 
from fully-automated membrane-assisted LPME. (a) Blank sample, 
(b) Sample spiked with 0.05 µg/L of NB, 2NT and 3NT, and 0.5 
µg/L of HCB, HTC, DD and ED. Peaks: 1 = NB, 2 = 2NT, 3 = 3NT, 
 xi 
 
4 = HCB, 5 = HTC, 6 = DD, 7 = ED. 
 
 
Figure 8-1. New extraction assembly for fully-automated membrane-assisted 
two-phase LPME. 
 
Figure 8-2. Schematic of membrane sac fabrication. 
 
Figure 8-3. Influence of extraction volume of organic solvent on fully-automated 
membrane-assisted two-phase LPME. Extraction conditions: toluene 
as acceptor phase, 1500 µL sample solution, agitation at 650 rpm and 
an extraction time of 5 min. 
 
Figure 8-4. GC-MS-SIM chromatograms of drain water samples obtained after 
fully-automated membrane-assisted two-phase LPME. (a) Unspiked 
sample (b) Sample spiked with 0.01 µg/L of each nitroaromatic 
compound and 0.2 µg/L of each OCP. Peaks: 1 = NB, 2 = 2NT, 3 = 
3NT, 4 = HCB, 5 = HTC, 6 = DD, 7 = ED. 
 
Figure 8-5. GC-MS-SIM chromatograms illustrating the EF enhancement 
achieved in the present study when analyzing spiked drain water 
samples. (a) Analytes extracted with the initial extraction system 
(Chapter 7), (b) Analytes extracted with the improved extraction 
assembly. Drain water samples were spiked at 0.05 µg/L of each 
nitroaromatic compound and 0.5 µg/L of each OCP. Peaks: 1 = NB, 2 
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Chapter 1. Liquid-phase microextraction  
 
1.1. Development and principle of liquid-phase microextraction 
 Over the years, the interest in developing fast, convenient and sensitive 
analytical methods has been on the rise. While there have been attempts at direct 
analysis of analytes (e.g. sensors), in most instances, sample preparation remains an 
unavoidable step in many analytical applications. This is because most sample 
matrices are very complex and the concentrations of analytes present in the real 
samples are usually too minute for direct instrumental analysis. Therefore, sample 
preparation has to be employed, mainly to isolate the analytes into a suitable medium 
for analysis, and to achieve preconcentration of the analytes at the same time.  
 Liquid-liquid extraction (LLE) is a classical extraction method [1-4], which 
has been widely used for sample clean-up. However, it has been criticized for its 
usage of large amounts of expensive and often toxic organic solvents. This technique 
is also time-consuming and labour-intensive. Its multi-step procedures often led to 
analyte loss and introduction of contaminants during various analyte transfers, solvent 
evaporation and extract reconstitution. Moreover, this conventional extraction 
technique does not allow automation to be incorporated without significant expense. 
As such, the miniaturization of liquid extraction approaches or microextraction has 
gradually found its way into the sample preparation field. Microextraction involves 
the use an extracting phase that has a volume that is very small compared to the 




 The concept of LPME in its original form hinged upon the suspension of an 
organic solvent microdrop at the tip of a microsyringe needle [6-8]. This drop-based 
method is known as single-drop microextraction (SDME). It is used in both two-phase 
[9] and three-phase systems [10], whereby analytes in aqueous samples are extracted, 
respectively, into a drop of water-immiscible organic solvent, or into an aqueous drop 
through a thin layer of organic solvent resting on the top of the sample. SDME 
provides simplicity in operation and uses only a few microliters of solvent. High 
enrichment factors are also attainable due to its high sample-to-acceptor phase volume 
ratio. Despite the benefits of this design, there are problems related to the instability 
of the microdrop. The microdrop held at the tip of the syringe needle may be 
dislodged during extraction, especially when high stirring rate is involved during the 
process. Psillakis and Kalogerakis [11] have published an overview of the basic 
principles of SDME as well as its applications in 2002. This field was further 
reviewed by Xu et al. in 2007 [12]. 
A new microextraction technique termed dynamic in-syringe LPME was first 
published by He and Lee in 1997 [13], where a conventional microsyringe was used 
for both extraction and sample injection. In this technique, the microsyringe was used 
directly as a micro-separatory funnel. When the plunger was pulled back and forth for 
the withdrawal and dispensation of the aqueous sample, analytes were transferred 
rapidly from the bulk of the sample solution to the organic film formed along the 
inner wall of the syringe barrel. Due to the large surface area between the organic film 
and the aqueous sample, there was significant transfer of analytes across this 
boundary. This method was shown to be simple, fast, affordable, and very little 
solvent (microliter range) was required. Furthermore, it provided higher enrichment 
within a much shorter time than SDME, in which extraction was passively (although 
 3 
 
with stirring) carried out into an organic solvent drop. To date, this sample 
preparation method has been used for the analysis of chlorobenzenes [13,14], 
polycyclic aromatic hydrocarbons (PAHs) [15], benzene ethylamine derivatives [16] 
and phthalate esters [17]. 
Further efforts to improve microextraction techniques eventually led to the 
development of hollow fiber-LPME (HF-LPME) [18,19], where the HF acted as a 
protective sheath for the acceptor phase. Here, an organic solvent was immobilized in 
the wall pores of the HF, providing a supported liquid membrane (SLM), and an 
acceptor phase was held within its lumen. Analytes were extracted into the 
intermediary SLM and then subsequently into the acceptor phase. When the same 
organic solvent is used to fill both the wall pores and the HF lumen, a two-phase 
extraction system is formed. This is thus considered as two-phase HF-LPME. Another 
mode of HF-LPME is a three-phase system in which the acceptor phase held within 
the lumen of the HF is an acidic or alkaline aqueous solution.  
Like most SLM extractions, HF-LPME is based on passive diffusion. With the 
use of these inexpensive HFs that are disposed of after each extraction, carryover 
effects are minimized, if not eliminated. Moreover, this microscale technique is 
compatible with analysis via gas chromatography-mass spectrometry (GC-MS), high 
performance liquid chromatography (HPLC) and capillary electrophoresis (CE). It is 
worth mentioning that there have since been wide applications of HF-LPME in the 
field of environmental, bioanalytical and food chemistry [20]. 
 
1.1.1. Extraction principles and calculations 
 In a two-phase extraction system, the organic solvent must be immiscible with 
water to ensure that there is no dissolution from the microdrop or leakage from the HF 
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to the aqueous sample. It is also important for the extraction solvent to have low 
volatility and to have good affinity for the target compounds. Typically, two-phase 
systems are applied to analytes that have substantially higher solubility in the organic 
solvent than in the aqueous medium. In other words, isolation of the analytes is 
dependent on their partitioning between the sample solution and the acceptor solvent. 
When the affinity of the analytes to the acceptor solvent is higher than that for the 
sample solution, the analytes will be successfully extracted. For ionisable analytes, the 
pH within the sample is adjusted to a value where the analytes are deionised to reduce 
their solubility within the aqueous sample and to improve their extractability into the 
organic phase. The process may be described by the following equation:  
Asample ↔ Aorganic acceptor 
where A represents the target analyte. 
 In a three-phase extraction system, the analytes are extracted from an aqueous 
sample, through an intermediary organic phase, and finally into an aqueous acceptor 
solution: 
Asample ↔ Aorganic phase ↔ Aaqueous acceptor 
The criteria for the organic phase in a three-phase system are similar to those 
mentioned for the two-phase system. This extraction mode is limited to acidic or basic 
analytes with ionisable functionalities. For extraction of acidic compounds, the pH in 
the sample has to be adjusted to be in the acidic region to suppress analyte solubility, 
whereas the pH in the acceptor solution should be high enough to promote analyte 
solubility. In this manner, the acidic compounds may easily be extracted into the 
organic phase and further into the acceptor phase without re-extraction to the organic 
phase again. On the contrary, for basic analytes, the pH in the sample should be high 
and an acidic acceptor solution should be utilized. As a guide, the pH of the donor 
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solution (sample) and pH of the acceptor solution should differ from the pKa values 
of the analytes by at least 2-3 units [21]. 
 The success of an extraction may be measured by the enrichment factor (EF), 
which is defined as the ratio of the equilibrium concentration of analytes in the 
acceptor phase (Ca,eq) to the original concentration of analytes in the sample solution 
(Cs,initial): 
EF  = 
Ca,eq 
                  (1) 
Cs,initial 
 
EF can also be calculated according to the following equation: 
EF  = 
1 (2)(Va / Vs) + (1 / K) 
 
where Va and Vs is the volume of the acceptor phase and the volume of the sample 
solution respectively, and K is the distribution coefficient of the analytes in the 
acceptor and donor phases at equilibrium.  
 Achieving high EF is usually one of the main objectives in microextraction 
techniques, and from the above equation (2), high EF is obtained when the ratio (Va / 
Vs) is small and when K is considerably large. This means that if the chemistry is 
designed to allow effective distribution of the analytes into the acceptor phase, 
analytes may be enriched up to a maximum factor that is estimated by the ratio of (Vs 
/ Va). Therefore, if the volume of sample solution (Vs) is 1500 µL and the volume of 
the acceptor solvent (Va) is 30 µL, the maximum EF possible is 50.   
 Extraction recovery (R) can be easily calculated using equation (3): 
R  = EF  × 
Va 





1.2. Electro membrane extraction (EME) 
Recently, LPME with a direct current (d.c.) electrical potential difference 
applied across the SLM was reported [22]. This technique is based on electrokinetic 
migration and is termed EME. It utilizes the application of voltage from a power 
supply as the driving force for mass transfer and is an efficient approach to promote 
the extraction of charged analytes.  
The setup of EME is almost similar to three-phase HF-LPME, except for the 
composition of the sample and the use of electrodes and power supply. Unlike three-
phase HF-LPME, the pH of both sample and acceptor solution in EME are adjusted to 
ensure total ionization of the analytes so as to promote electrokinetic migration in the 
system. For the extraction of basic analytes, the sample and acceptor solution are 
adjusted to the acidic pH range. The positive electrode is placed in the sample, while 
the negative electrode is placed in the acceptor solution. Likewise for the extraction of 
acidic analytes, alkaline sample and acceptor solutions are used and the positions of 
the electrodes are switched, i.e., the negative electrode is in the sample, while the 
positive electrode is in the acceptor solution. With a voltage applied, charged analytes 
in the sample are drawn across the SLM towards the electrode of opposite charge in 
the acceptor solution. The major benefit of EME is the significant reduction in 
extraction times as compared with LPME. Published reports have shown that 
extraction times had been reduced from the usual 45-60 min to less than 20 min [22-
27]. EME also has the ability to achieve high selectivity for target analytes with the 
tuning of membrane chemistry. Gjelstad et al. showed that the chemical composition 
of the SLM was highly important for the success of EME [28]. Other advantages of 
EME include its low consumption of organic solvents and the need of only minute 
amount of real samples. 
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The knowledge on EME is currently limited, and a few papers have emerged 
in the literature. More work is required in the near future to expand the knowledge as 
to the exact extraction principle, to enable efficient optimization of EME for a 
particular analyte, and to demonstrate that the technique provides reliable data for a 
broad range of analytical applications. Work until now has demonstrated very rapid 
extractions from small sample volumes, high selectivity for charged analytes of higher 
molecular mass and successful extractions from complex matrices. Thus, especially in 
miniaturized analytical systems, EME is expected to be an interesting concept in 
future. 
 
1.3. Applications of HF-LPME and EME 
1.3.1. HF-LPME: Environmental applications 
 With the increasing concern over deteriorating environmental quality, the 
determination of organic pollutants in air, water and soil has become critically 
important. Pesticides, PAHs, polychlorinated biphenyls (PCBs), aromatic amines, and 
BTEX (benzene, toluene, ethylbenzene, and xylene) are amongst the many types of 
environmental contaminants identified in these different matrices. These compounds 
are of great environmental concern due to their toxicity, carcinogenicity, or endocrine 
disrupting effects. It has been a significant challenge to develop sample preparation 
procedures for environmental applications that are simple, low-cost, and capable of 
being performed at the miniaturized scale. HF-LPME has attracted considerable 
attention as an effective solution for sample preparation of environmental samples. 
Both HF-LPME in its two- and three-phase modes have been utilized for the 
extraction and specific isolation of many environmental pollutants and contaminants. 
Some developments and applications of the technique are highlighted below. 
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Extensive work utilizing two-phase HF-LPME has been reported in the 
literature and about 80 % of the published environmental applications involve the use 
of GC or GC-MS as the final analytical method. This is because the selected final 
extract in two-phase HF-LPME is usually an organic solvent like n-octanol or toluene. 
In 2002, King and co-workers investigated the screening of 17 PAHs in a soil matrix 
[29]. With very simple equipment and almost no solvent waste, an extraction time of 
less than 10 min was realized. The developed method was also validated using a 
certified reference material with acceptable results. 
Subsequently, Zhao and Lee reported the first dynamic HF-LPME [30]. The 
dynamic extraction of PAHs in water was conducted with the help of a programmable 
syringe pump, which was used to move the extraction solvent to-and-fro within the 
HF lumen. A comparative study with static HF-LPME (the common mode where the 
extraction solvent held within the HF remained static when immersed in the stirred 
sample solution) showed that dynamic HF-LPME could provide approximately 2 
times higher enrichment in 10 min and even provided better reproducibility. 
Dynamic HF-LPME was also employed to preconcentrate organochlorine 
pesticides (OCPs) from soil [31]. By addition of acetone to the soil sample, the 
authors were able to detect 2,5-dimethylphenol, 2,3,5-trimethylphenol, 1,2,4,5-
tetrachlorobenzene, pentachloro-benzene, molinate, hexachlorobenzene, lindane and 
alachlor at low µg/g levels. The convincing results demonstrated the feasibility of 
applying the technique to complex soil matrix for rapid determination of these 
pesticides, and potentially for other analytes as well. The extraction and determination 
of OCPs i.e. α-hexachlorocyclohexane (HCH), lindane (γ-HCH), β-HCH, heptachlor, 
aldrin, dieldrin, endrin, endosulfan, p,p’-dichloro-diphenyldichloroethane (p,p’-
DDD), p,p’-dichlorodiphenyltrichloroethane (p,p’-DDT), endrin aldehyde and 
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methoxychlor, from sea water was another simple application of HF-LPME in 
conjunction with GC-MS [32].  
In a number of applications, derivatization of the target analytes is required so 
that they are suitable for analysis by GC-MS. The HF can serve as a suitable 
microreactor for derivatization reaction to be carried out. In one example, Basheer et 
al. combined HF-LPME with injection port derivatization for the determination of 
phenols in seawater [33]. In another report, Zhang and Lee used a similar on-column 
derivatization technique in the determination of carbamate pesticides in water [34]. 
The five carbamate pesticides investigated were promecarb, propham, carbaryl, 
methiocarb and chlorpropham. When the proposed method was tested with tap water 
and drain water, the relative recoveries attained suggested that the matrices have 
insignificant effects on the method. Compared to conventional sample preparation 
procedures, this environmentally friendly method certainly provides better sensitivity 
and has the distinct advantage of simplicity. In another application, Wu and Lee 
introduced a new method based on GC injection port-derivatization following ion-pair 
HF-LPME [35]. The counter ion pairs formed in aqueous samples were extracted into 
the organic acceptor solvent via the hollow fiber, and then directly introduced into the 
GC injection port for derivatization and determination. Acidic herbicides were the 
target analytes, where they were converted into their ion-pair complexes with 
tetrabutylammonium chloride and quantitatively derivatized to their butyl esters in the 
GC injection port. 
In 2005, microwave-assisted solvent extraction was combined with HF-LPME 
for the determination of 12 OCPs and 8 PCBs from marine soil sediments [36]. Due to 
the fact that these persistent organic pollutants have low solubility in water and high 
affinity to sediments, a higher external energy source is required to extract them from 
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sediment. Limits of detections (LODs) and dynamic linear range attained were 
superior to that of established methods like solid-phase extraction (SPE) and Soxhlet 
extraction. Besides the mentioned classes of environmental contaminants, two-phase 
LPME has also been reported for the determination of polybrominated diphenyl ethers 
[37] and of steroid hormones in water [38]. Trace level of PCBs in biological matrices 
like plasma was also investigated using two-phase HF-LPME [39]. 
Hitherto, GC-MS has been used as the final analytical platform of extracts for 
two-phase HF-LPME. There have been several publications reporting the use of 
different detection techniques when dealing with various types of environmental 
pollutants. For instance, a GC-electron capture detection method for the determination 
of six fungicides (chlorothalonil, hexaconazole, penconazole, procymidone, 
tetraconazole, and vinclozolin) in farmwater has been described [40]. Coupling of 
HF-LPME with GC-flame thermionic detection was implemented for the detection of 
organophosphorus insecticides [41] and for monitoring the sonochemical degradation 
of nitroaromatic compounds in water [42]. These studies clearly demonstrated the 
versatility of HF-LPME when coupled with various detection systems. 
Comparatively, there have been fewer studies on three-phase HF-LPME for 
environmental applications. Some recent work involved the extraction of nonsteroidal 
anti-inflammatory drugs (NSAIDs). Lee and his co-workers had successfully 
employed the three-phase system in two separate studies, where five different acidic 
NSAIDs in wastewater were considered [43,44]. Orthogonal array designs (OADs) 
were also applied for the first time in one of these studies to optimize the conditions 
and parameters for extraction of these pharmaceutical products [44]. In another work, 
NSAIDs were detected using LC-tandem MS (MS/MS), following three-phase 
LPME,  and  matrix effect was shown to be absent due to  excellent clean-up  afforded  
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by the HF [45]. 
Kou et al. developed a method for the determination of nine haloacetic acids 
(HAAs), another group of important contaminants that may appear in drinking water 
as disinfection byproducts [46]. The extract was easily analyzed in a 15-min HPLC 
run with ultraviolet (UV) detection and the sub-µg/L level LODs achieved were 
comparable or lower than those obtained with the United States Environmental 
Protection Agency (USEPA) standard methods. This approach was deemed as an 
alternative to the current USEPA methods for HAA determination, which normally 
involves tedious sample preparation and derivatization. 
To future explore the applications of three-phase HF-LPME, several groups 
employed the dynamic mode to determine various prevalent contaminants, such as 
aromatic amines (3-nitroaniline, 4-chloroaniline, 4-bromoaniline and 3,4-
dichloroaniline) [47,48], hydroxyaromatic compounds [49], phenoxy acid herbicides 
[50] and phenoxy acetic acid [51]. Phenols were also investigated by Jiang et al. 
where up to 400-fold enrichment of the analytes were obtained under the optimized 
conditions. These enrichment factors were two times those of static mode HF-LPME 
[52]. Another interesting application of HF-LPME is a new organic solvent-free 
approach termed liquid-gas-liquid microextraction. This was developed for the 
determination of phenols in water [53]. In this case, the pores of the hollow fiber were 
not impregnated with organic solvent at all, but were left as they were. It was 
demonstrated that the phenols were extracted via gaseous diffusion into the acceptor 
solution. 
Lastly, another recent development of three-phase HF-LPME worth 
mentioning is the research by Peng’s group, where they described the use of an ionic 
liquid, 1-octyl-3- methylimidazolium hexafluorophosphate, as the SLM in the direct 
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determination of chlorophenols from environmental water samples [54]. The use of 
ionic liquids as the SLM has shown superior advantages over the usual organic SLMs 
due to their tunable nature and high selectivity towards different types of 
environmental contaminants. 
 
1.3.2. HF-LPME: Bioanalytical applications 
 Bioanalytical methods focus on the determination of drugs and related 
substances in body fluids such as blood, plasma, serum, urine and tissues and are 
carried out in laboratories in the pharmaceutical industry, in clinical and toxicological 
laboratories, and in academic research laboratories. Numerous methods based on LLE 
have been published for the bioanalysis of drugs. Most of these methods can easily be 
transferred to LPME methods to reduce consumption of organic solvents, to achieve 
enrichment without evaporation of solvent and to increase selectivity. 
 The majority of HF-LPME work has been focused on three-phase extraction 
of basic drugs prior to HPLC or CE with UV detection. Drugs of low polarity (log P > 
1.5) such as antidepressants and antiepileptic drugs were extracted with medium (> 30 
%) or high (> 60 %) recoveries into aqueous acceptor phases for direct injection into 
HPLC or CE. A common conclusion is excellent clean-up and enrichment. With the 
high enrichments provided by LPME it is also possible to utilize the separation power 
of CE for stereospecific determination of drugs at the µg/L levels in human plasma. 
This was demonstrated for citalopram and its metabolite desmethylcitalopram [55]. 
The enrichments of citalopram and desmethylcitalopram were 31 and 19 times, which 
was adequate for determination of therapeutic concentrations in patients. The chiral 
CE separation was performed with sulfated-β-cyclodextrin as chiral selector. 
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 In order to predict some guidelines on HF-LPME method development for 
basic drugs, one publication demonstrated that analyte extractability may be predicted 
from computer-calculated solubilities in acidic and alkaline aqueous solutions [56]. In 
this study, 58 different drug substances were extracted in a three-phase HF-LPME 
system from an alkaline solution, through dodecyl acetate as the SLM and into 15 µL 
10 mM hydrochloric acid (HCl) as the acceptor solution. Target analytes with 
calculated solubilities in the range 5-150 g/L at pH 2 were all efficiently extracted. On 
the other hand, for target analytes with solubilities below 1-5 g/L at pH 2, low 
recoveries were obtained because of low acceptor phase/organic phase partition 
coefficients; these compounds were principally trapped within the SLM. For this type 
of analytes, two-phase HF-LPME is more appropriate. Finally, for compounds with 
very high water solubility in alkaline solution, three-phase HF-LPME is inefficient 
because the extraction into the SLM fails. For the most polar analytes, this problem 
may be circumvented by addition of ion-pair reagents to the sample [57] or to the 
SLM [58].  
 GC separation following two-phase HF-LPME has been demonstrated for 
anabolic steroids, cannabinol and cocaine [59]. Utilizing combined 
extraction/derivatization procedures, the partition equilibrium of the analyte is 
changed. As a consequence, a fast derivatization permanently renews the 
concentration gradient and the extraction yields are improved. In one study, the 
authors extracted the anabolic steroids from urine samples buffered to pH 7, into HFs 
preconditioned with dihexyl ether and filled with a derivatization mixture consisting 
of N-methyl-N-(trimethylsilyl)trifluoroacetaminde (MSTFA), ammonium iodide and 
dithioerythritol as acceptor and reaction phase. The extract/reagent mixture was then 
directly injected into the GC-MS. The extracted ketosteroids were converted into their 
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corresponding trimethylsilylethers which have good GC behavior and highly specific 
MS features. The moisture sensitive reagent solution in the lumen of the fiber was 
effectively protected from the aqueous sample solution by the dihexyl ether layer in 
the pores of the fiber. The analytical performance was comparable to conventional 
LLE but HF-LPME offered a simple low-cost approach with only microliters of 
solvent consumption, easy handling and in total, short analysis times. 
 The wide applications of HF-LPME in the field of environmental and 
bioanalytical chemistry is extensively summarized in a recent review, where both 
two-phase and three-phase HF-LPME have been clearly classified [20]. The paper 
gives an overview of the various work reported, the key experimental parameters, and 
highlights the important experimental details for the targeted class of analytes. 
 
1.3.3. EME applications 
 EME was introduced in 2006 and its applications are considerably limited in 
the literature. The first paper involved the specific extraction of basic pharmaceutical 
drugs, pethidine, nortriptyline, methadone, haloperidol and loperamide [22]. With 2-
nitrophenyl octyl ether (NPOE) served as the SLM, the fully-ionized drugs were 
isolated from the donor phase across the SLM to the acceptor phase when a 300 V 
voltage was applied. Fast extraction within 5 min was obtained. The authors also 
examined important parameters for effective extraction efficiency and the underlying 
principles in detail, using the same basic drugs as model analytes [24,28]. The 
application of EME was further extended to acidic drugs [23], where it was concluded 
that the chemical nature of the SLM played a crucial role in extracting the target 
analytes.  
 Peptides  were successfully isolated from acidic sample solutions in 2008 [26].  
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A 50 V potential was used across the SLM and the authors reported that recoveries 
were dependent on the number of ionized groups on the peptides and their polarities. 
In the same year, EME was applied to the extraction of inorganic analytes for the first 
time. Basheer et al. demonstrated the isolation of lead ions (Pb2+) from various 
matrices, such as amniotic fluid, blood serum, lipstick and urine samples [27]. 
 Due to their high polarity and acidic properties, nerve agent degradation 
products cannot be effectively extracted by three-phase HF-LPME. Xu et al. 
conducted a study of the applicability of EME to extract these compounds from 
aqueous matrices [60]. Four nerve agent degradation products were used as target 
analytes: methylphosphonic acid, ethyl methylphosphonic acid, isopropyl 
methylphosphonic acid and cyclohexyl methylphosphonic acid. The extraction 
parameters, including organic solvent, agitation speed, extraction time, pH of sample 
solution and acceptor phase, and concentration of humic acids were investigated. A 
comparison was made with their previous study, where ion-pair assisted three-phase 
HF-LPME was used to realize the extraction of these analytes [61], and results 
showed that the LODs from the EME procedure were of a magnitude lower. 
Moreover, extraction time was shortened by 15 min. 
 EME remains to be a technique of interest and may enjoy more applications in 
future. More work has to be conducted in order to extend its applicability to a broader 
range of analytes in various analytical applications. 
 
1.4. Automated LPME techniques 
 With the advances in analytical instrumentation, interest in the automation of 
microextraction methodologies has grown, particularly in the area of solid-phase 
microextraction (SPME) [62,63]. There are commercially available automated 
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systems for SPME. For LPME, many dynamic procedures could be easily classified 
as semi-automated extraction techniques because the dynamic mode is usually 
automated with the help of a programmable syringe pump, although the injection of 
the extract into the analytical instrument has to be done separately and manually. 
Semi-automated dynamic in-syringe LPME has been discussed in Section 1.1 [13-17]. 
The first semi-automated HF-LPME system was initiated in 2002 [30]. Similarly, the 
dynamic mode of the acceptor phase was achieved using a programmable syringe 
pump. The study showed that by employing dynamic acceptor phase in the HF-LPME 
system, EFs of the target anaytes could be improved significantly (i.e. up to 400-fold 
enrichment under the optimized conditions). Several other studies reported have 
shown similar results [31,50,52,64,65].  
 In another study, semi-automated HF-LPME of biologically active compounds 
(analgesics) from water samples followed by GC-MS determination was reported 
[66]. An interesting feature of this work is the use of a 6 cm long polypropylene HF 
loop, which eliminates the problem faced with air bubbles when filling the 
autosampler syringe from a straight fiber. Recently, Pezo et al. introduced the use of a 
multi-channel syringe pump system to perform six semi-automated dynamic 
extractions concurrently. Each final extract solvent was then manually injected into 
GC-MS for analysis. This work was done to analyse active food packaging containing 
essential oils [67]. 
 A fully-automated HF-LPME technique was realized in 2006 with the use of a 
CombiPAL autosampler (CTC Analytics) [68]. The authors used an associated Cycle 
Composer software to automate the HF-LPME procedures, such as the filling of the 
channel, transferring the sample for agitation, withdrawal via syringe and the injection 
of  the extract into a GC-MS system. The software could conveniently  and accurately  
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control all the operational  parameters involved.  Another study was done by the same 
group using polyvinylidene difluoride HF [69].  
 However, the setup that was devised brought with it several disadvantages. 
The HF-LPME device used consisted of a conventional HF (which is in a tube-
configuration) fixed at a pipette tip by heat. The pipette tip served as a microsyringe 
needle guide. Two polytetrafluoroethylene/ polydimethylsiloxane septa were needed 
for fixing and sealing the HF to the needle guide. Meticulous care had to be taken to 
ensure that the needle guide was perpendicular to the septa so that the GC-MS syringe 
would not perforate or tear the HF during operation. Moreover, the syringe needle tip 
had to be set close to the bottom of the HF such that air bubble formation would be 
avoided when organic solvent was introduced. This increased the possibility of 
damaging the sealed end of the fiber. As high speed introduction of the organic 
solvent was also needed to exhaust the air in the HF pores without damaging the end 
of the fiber, precise and tedious configuration of the autosampler accessory had to be 
made [69]. It is also not clear from the work if the automated extraction involved only 
a single experiment at a time, or the automation could be employed across an entire 
series of consecutive, multiple experiments. 
 Therefore, the automation of LPME remains to be explored and improvements 
are necessary to make the automated systems more convenient to use and operate. If 
successful, it is believed that such technology will be able to bring about much 
convenience and efficiency in environmental monitoring, without any human 
intervention. 
 
1.5. Chemometric methods 
 As previously mentioned, research in the past three decades have been focused  
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on the development of convenient, economical and efficient miniaturized extraction 
techniques to overcome problems brought about by conventional sample preparation 
methods, such as large solvent consumption, labour-intensive procedures and high 
cost. In the midst of exploring various ways to improve microextraction and their 
applicability to a wider range of analytes, researchers have also began to tie in 
chemometric optimization methods with their microextractive analytical methods. 
The common practice is to optimize the various parameters via the univariate 
approach (to optimize one parameter at a time while holding all others fixed). 
However, more often than not, the parameters involved are seldom independent; 
therefore results obtained univariately can be misleading and unrealiable. As such, 
there has been increasing recognition for the use of chemometric methods when 
optimizing analytical conditions [70]. Not only a more representative optimum can be 
achieved, the number of experiments needed to be carried out is also greatly reduced. 
Hence, it is clear that the combination of microextraction with chemometric 
experimental designs allows researchers to closely adhere to the aim of developing 
green chemistry techniques.  
 Many chemometric strategies are available, such as the sequential simplex 
method, factorial design, central composite design, Plackett-Burman design, Doehlert 
design and so forth. Among these designs, OAD is one approach that incorporates the 
advantages of both the simplex method and factorial design [71]. With OAD, large 
amount of quantitative information can be acquired by performing only minimum 
number of experimental runs. The effects of the variables along with potential 
interactions between these variables can be considered and investigated concurrently. 
OAD brings with it many other advantages, for instance, it allows key variables to be 
identified so that more specific experimentation can be performed, while less 
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important variables can be disregarded [72]. Moreover, a powerful statistical analysis 
method, analysis of variance (ANOVA) is applied to the experimental results to 
estimate the significance of each variable, interaction and their percentage 
contributions. ANOVA also allows analysts to determine the error variance of the 
experimental runs and decide what combination of levels to use in order to get the 
optimum response signal. Details of the theory and methodology of OAD as a 
chemometric method for the optimization of analytical procedures have been 
extensively described and it was proven to be a cost-effective optimization strategy 
[71, 73-76]. 
 When selecting the levels of variables, decision can be made based on 
preliminary experiments, prior knowledge from literature or experience and 
instrumental limits. It is important for the variables domain to be appropriately 
selected so that a meaningful outcome can be achieved. 
 Generally, when using a two-level OAD, a large number of variables and 
interactions can be simultaneously considered and examined with the least number of 
experiments. A two-level array is deemed as a useful tool for initial experimentation 
because it allows researchers to introduce many factors, each with a high and low 
level, for screening at one instant. This is a convenient and direct method, compared 
to choosing arbitrarily a few factors and running many levels on each [71]. However, 
a two-level OAD also suffers from some disadvantages. Firstly, the response output in 
a two-level OAD is highly dependent on the high and low levels chosen. That is, if the 
high and low levels are set too close, the significance of the variable may become 
negligible; but when the high and low levels are set further apart, the effect of the 
variable may become particularly significant. Secondly, only a linear regression 
equation  can  be generated  from a two-level OAD,  which in  many  cases  the  linear  
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regression equation cannot adequately represents the response surface. 
 For this reason, a three- or higher-level OAD has to be employed in order to a 
generate quadratic or multiple regression equations that can sufficiently represent the 
actual non-linear response surface. Usually, higher-level OADs are used to set the 
variables at more exact levels according to the superiority levels attained in the initial 
experimentation (using two-level OAD). In a four-level or five-level OAD, many 
levels of the variables can be screened, but they are strongly restricted by the number 
of two-variable interaction that can be considered together with the main variables. 
Therefore, in terms of practicability, both four-level and five-level OADs are rather 
limited, compared to a three-level OAD [76].  
 In addition, a mixed-level OAD may be required in the optimization of some 
analytical procedures. In this case, not all of the variables are considered at the same 
number of levels, for example, one or a few variables are assigned to four-level 
settings, while the rest of the variables are set at two-level settings. This happens 
when a qualitative variable (e.g. type of HPLC column) has to be considered 
simultaneously, and therefore more than two levels must be employed for that 
variable [75]. For other variables, two-level settings are usually used to avoid a 
relatively large orthogonal array matrix.  
 During the assignment of variables to the array, if one or more columns are 
not assigned with any variables or interactions, they can be used to represent dummy 
factors. These dummy factors are used for the measurement of error variance and with 
the presence of these factors, repetition of the experimental trials is unnecessary. 
However, in the absence of dummy factors, each of the experimental trials in the array 
has to be repeated at least twice in order to estimate the error variance [71]. 
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 From the experimental results, analysts can obtain the mean response for each 
factor at different levels (e.g. r1, r2, r3, r4 for a four-level array). The mean responses 
tell us how the response function changes when the levels of the investigated 
variables were varied. The mean value difference (d) can be subsequently found by 
determining the range between the maximum and minimum mean responses for each 
variable or interaction [42]. These are used for direct observation analysis, also known 
as range analysis, where the importance of each factor or interaction can be 
statistically estimated. Besides direct observation analysis, ANOVA is another 
powerful statistical tool that can be used. From ANOVA, the effects of different 
variables on the response function can be evaluated by both their significance (F ratio) 
and their percentage contribution (PC %). The F-test results establish which variables 
and interactions are statistically significant at a particular confidence interval, whereas 
the analysis of PC % indicates how important each variable or interaction is relative to 
the rest of the considered factors.  The PC % due to error provides an estimate of the 
adequacy of the experiment [71]. 
 
1.6. Scope of this work 
 To remain at the forefront of LPME research, one of the main interests is to 
develop techniques that require a shorter amount of time. A possible approach to 
achieve so is via EME, where successful extraction could be achieved within 20 min. 
Hence, the first part of the present work was dedicated to the investigation of using 
EME to effectively determine analytes of interest in environmental waters, together 
with HPLC and GC-MS. 
 Additionally, from the applications of LPME and EME briefly summarized in 
Section 1.3, it can be seen that most developed methodologies are only tailored to 
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extract a specific class of analytes, be it in the environmental or bioanalytical field. It 
has been recognized that an array of persistent pollutants are present in a sample and 
it will be useful to devise a methodology that can cover a wider range of analytes in a 
single extraction. The present studies therefore aim to address this issue in the first 
instance. Novel approaches involving the simultaneous isolation of different classes 
of analytes via EME and LPME were considered in this work. 
 It is also desirable to automate LPME procedures to enhance its practical and 
routine applicability. Some semi- and fully-automated systems have been reported but 
they suffer from certain drawbacks which have been elaborated in Section 1.4. Fully-
automated methodologies involving multiple consecutive experiments are highly 
sought after; therefore further steps were taken to design and implement fully-
automated systems for LPME combined with GC-MS. Lastly, OADs were employed 
in the optimization process. This is because full automation is conducive to OAD, 
since series of experiments (16-48 consecutive experiments were attempted) can be 
done sequentially without human intervention, making the methodologies developed 
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Chapter 2. Optimization of some experimental parameters in the 
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2.1. Preamble 
 An EME methodology was utilized to study the isolation of some 
environmentally important pollutants, chlorophenols, from aquatic media based on the 
electrokinetic migration process. A driving force of 10 V was applied to extract the 
analytes through 1-octanol, used as the SLM, into a strongly alkaline solution. The 
alkaline acceptor solution was subsequently analyzed by HPLC-UV. Parameters 
including volumes and pH of the sample solution and acceptor phase, choice of SLM, 
applied voltage and extraction duration were investigated to find the most suitable 
extraction conditions. As the developed method showed a higher degree of selectivity 
towards PCP, evaluation of the method’s performance was carried out using this 
compound. The method was also applied to the extraction of this contaminant from 
sea water.  
 
2.2. EME procedure 
The EME set-up used for electromigration of analytes across the SLM is 
shown in Figure 2-1. The membrane sacs were made from Accurel 2E HF (R/P) 
polypropylene hollow fiber membrane sheets (157 µm thickness × 0.2 µm pore size) 
supplied by Membrana (Wuppertal, Germany). The membrane sheets were folded into 
halves and heat-sealed with a plastic bag heat-sealing device to create sacs that were 
in definite dimensions of 0.6 cm × 2.2 cm (width × height), with an opening along the 




The acceptor solution was introduced to the sac through the single open end. 
The latter was then immersed in an organic solvent (for ca. 5 seconds) in order to fill 
the wall pores, forming the SLM. The membrane sac was then placed into the sample. 
Two platinum wires (0.1 cm diameter) were used as electrodes and inserted into the 
sample and acceptor phase for extraction.  
 
         
                                    Figure 2-1. Schematic of EME. 
 
 
The pKa values of 4CP, 24DCP, 246TCP and PCP are 8.81, 7.81, 6.30 and 
5.55, respectively. According to the basic principles of EME (Section 1.2) and the 
given pKa values, a 3 mL sample solution, adjusted to pH 12 and spiked with 5 mg/L 
of each chlorophenol, was first considered for the EME experiments. 100 µL NaOH 
solution at pH 12 was used as the acceptor solution. Other initial conditions included 
an extraction time of 5 min, voltage of 50 V and stirring rate of 700 rpm.  
 
2.3. Results and discussion 
2.3.1. Choice of SLM 
The  criteria  for  a solvent to be used as an SLM in  EME  are  similar to those  
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used in LLE or LPME (Section 1.1.1.), where the solvent is a major determinative 
factor affecting selectivity. Particularly in EME, the sample solution, SLM and 
acceptor phase should complete an electrical circuit. Thus the solvent should have 
sufficient electrical conductivity, so as to allow electrokinetic migration of 
compounds across the SLM into the acceptor phase and to prevent an increase in the 
current flow in the system. 
Considering all these criteria, alcohols like 1-butanol, 1-hexanol, 1-octanol, 
benzyl alcohol along with MEK, NPOE and toluene were evaluated [1]. Toluene and 
NPOE were found to be unsuitable for EME of chlorophenols as the recoveries 
obtained were very low. In addition the recovery results obtained with toluene were 
inconsistent. This was attributed to the loss of the relatively more volatile organic 
solvent when Joule heating (as a result of applied voltage over time) occurred during 
extraction [5]. Moreover, toluene has the lowest electrical conductivity (dielectric 
constant, Ɛ=2.40) compared to the rest of the solvent, which could have affected the 
flux for the electromigration as well. The rest of the solvents were observed to give 
very similar performance, except 1-octanol, which showed a special selectivity for the 
extraction of PCP. This could be attributed to the compatibility of 1-octanol with the 
more hydrophobic PCP, with respect to its polarity. While 1-octanol was found to be a 
suitable and more selective solvent for the EME of PCP, it did not, however, fare as 
well for 24DCP; the extraction for this compound was very low. 
Enhancement in selectivity and clean-up could also be achieved by utilizing 
different solvents in combination with various modifiers or coextractants. It was 
found that addition of hydrophobic ion-pair reagents to the SLM would enable better 
phase transfer and electrokinetic migration of analytes [1,2]. This is because ion-pair 




permeation of the analytes at the interface between the sample and SLM. To 
investigate this effect, 3 % CTAB in 1-octanol was used as the SLM. For 4CP, 
24DCP and 246TCP, there was slight improvement in recovery. For PCP, being a 
more hydrophobic compound, a decrease in recovery was observed. The strong 
interaction of the ion-pair PCP complex with the organic phase may be responsible 
for this behavior. It was obvious that use of an ion-pair reagent in this work gives 
variable results, and thus does not provide any general guidance on the trends of 
extraction for all the analytes considered. 
 
2.3.2. Vial size and sample volume 
In order to investigate the effect of vial size and sample volume, vials with 
internal diameter (I.D.) of 2 cm and 1.5 cm were used for EME lasting 5 min. The 
length of the platinum electrodes (1 cm), distance between the two electrodes (0.4 cm) 
and the depth to which the electrodes where inserted were kept constant. The study 
focused on the comparison between vials of similar I.D. but containing different 
sample volumes. Hence comparisons were performed between the sample (donor 
phase) volumes of 23 mL and 10 mL, using vials of 2 cm I.D. and between sample 
volumes of 2 mL and 3 mL, using vials with 1.5 cm I.D. Experiments with sample 
volume of 10 mL showed slightly better percentage recovery of analytes than those 
with volumes of 23 mL. There was no significant difference in recovery between 
sample volumes of 2 mL and 3 mL. However, the decrease in the sample volume 
from 10 mL (2 cm I.D. vial) to 3 mL (1.5 cm I.D. vial) caused a significant increase in 
recovery. This could be related to the shortened migration distance of analytes 
towards the membrane and that a smaller vial would allow for a stronger electric field, 
which resulted in better extraction efficiency of the analytes [7]. The improvement in 
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recovery was most prominent for PCP, which possesses the highest molecular weight 
among the analytes. Since migration velocity depends on the charge to size ratio, this 
decline in migration distance would have a more obvious effect on PCP. 
To continue the study based on sample volume of 1 mL, a vial with 0.9 cm 
I.D. was employed and the width of the membrane sac was changed from 1.4 cm to 
0.6 cm. By lowering the sample volume to 1 mL, there was an insignificant decrease 
in recovery for 4CP and 24DCP, while for 246TCP, there was a slight increase in 
recovery.  For PCP, an almost 2-fold enhancement was observed. Since the electric 
field strength is stronger and convection is also more effective in a much smaller 
sample compartment, an increase in recovery for all compounds was expected [7].  
However, it was observed that stronger electrical field mainly affected 
compounds with lower mobility (i.e. 246TCP and PCP). The slight decrease in 
recovery for 4CP and 24DCP could have resulted from factors associated with this 
observation which somewhat suppressed the transfer of these analytes.  
Finally an amount of 1 mL of sample was used for further experiments.  
 
2.3.3. Effect of pH in sample solution and acceptor phase 
To optimize the pH of the sample solution and acceptor phase, different 
amounts of HCl and NaOH were used. Sample solution and acceptor phase with 
different pH values (2, 4, 10, 12) were prepared. Deionized water at pH 7.2 was used 
as well. First, the acceptor phase was kept at pH 12, while the pH of the sample was 
varied. Results are shown in Figure 2-2a. 
Increasing degree of ionization of the phenols (reflecting the increase in pH of 
the sample solution) led to improvement in electrokinetic migration. The completely 




values of the target compounds. The pKa values of 4CP, 24DCP, 246TCP and PCP 
are 8.81, 7.81, 6.30 and 5.55, respectively. As such, the best extraction results were 
achieved at pH 12. 
 
    
Figure 2-2a. Effect of pH in sample solution on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 100 µL pH 12 acceptor phase and 1-
octanol as SLM. 
 
 
Figure 2-2b. Effect of pH in acceptor phase on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 1 mL pH 12 sample solution and 1-
octanol as SLM. 
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Figure 2-2b summarizes the corresponding experiments performed to 
investigate the effect of pH in the acceptor phase.  
The electrolytic reactions taking place in the sample solution and acceptor 
phase include the following:   
Sample solution (negative electrode):  2H+  +  2e−   →  H2 
Acceptor phase (positive electrode):  H2O  →  2H+  +  1/2O2  +  2e− 
These reactions demonstrate the dependency of extraction recovery on the pH 
of the acceptor phase as well. The selected pH for the donor phase should be 
sufficiently high to maintain analytes in the ionized forms and prevent them from 
being re-extracted into the organic phase. Since electrolysis of water at the anode in 
the acceptor phase leads to the formation of hydronium ions, a gradual decrease of pH 
during extraction could occur [1]. Thus, a pH of 12 was considered to be the most 
suitable.  
 
2.3.4. Acceptor phase volume 
From previous experiments, it was found that a volume of 100 µL acceptor 
phase might not be the most suitable volume. Firstly, occasional and inadvertent 
leakage of the acceptor phase from the membrane sac would occur. Secondly, usage 
of this relatively large amount of acceptor phase may cause dilution of the analytes. 
As such, smaller volumes of the acceptor phase (20, 35, 50, 70 and 100 µL) with 
NaOH concentration maintained at 0.01 M (pH 12) were used to investigate the 
optimal acceptor phase volume. The results are summarized in Figure 2-3. With 
decreasing amount of acceptor solution used, the enrichment of PCP became more 
prominent. For other analytes, there was only negligible or slight improvement in 





Figure 2-3. Effect of acceptor phase volume on EME recovery. Extraction was 
performed for 5 min at 700 rpm, using 50 V, 1 mL pH 12 sample solution and 1-
octanol as SLM. 
 
More effective enrichment would be expected with further lowering of the 
acceptor phase volume; however, it was not experimentally favorable to work with 
volumes lower than 20 µL. This is due to this fact that the electrodes could not be 
placed in proper contact with the minute amount of acceptor solution, and the amount 
was also too little to be collected reliably at the end of the extractions. Therefore, it 
was decided to use 20 µL as the acceptor solution volume for practical reasons. 
 
2.3.5. Stirring rate  
Stirring is essential in most diffusion-based microextraction techniques to 
ensure proper mixing of the sample so that the thickness of the boundary layer at the 
interface between the sample solution and the SLM is reduced. The importance of 
stirring rate in EME had also been highlighted in recent papers [1,3]. It was observed 
that analyte recovery was enhanced with an increase in stirring rate. Similar results 
were achieved in this study. At the maximum stirring rate, i.e. 1250 rpm, highest 
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recovery was obtained. Thus, a stirring rate of 1250 rpm was chosen for the rest of the 
experiments.  
 
2.3.6. Electrokinetic migration driving force  
Notwithstanding the influence of stirring rate (described in the previous 
section), the main mass transfer mechanism in EME is the electrokinetic migration of 
the analytes across the SLM into the acceptor solution, and this is greatly dependent 
on the applied voltage. In a recent paper, Kjelsen et al. described how the flux of 
analytes was driven by the electric potential applied across a SLM [4]. A series of 
experiments with extraction voltages ranging from 0 V to 200 V were conducted 
(Figure 2-4).  
 
 
Figure 2-4. Effect of applied voltage on EME of chlorophenols. Extraction was 
performed for 5 min at 700 rpm, with 1 mL pH 12 sample solution, 20 µL pH 12 
acceptor phase and 1-octanol as SLM. 
 
In a totally quiescent assembly (0 V), no target analytes were extracted at all 
(with stirring), but with the application of merely 10 V, significant amounts of 




extract nerve agent degradation products across a membrane also showed that without 
application of voltage, no extraction took place [5]. The prominent effect of voltage 
confirmed that the potential difference between the electrodes was the main driving 
force in EME. However, the recoveries decreased when higher voltages were applied. 
This could be due to the application of voltage that led to lower pH in the acceptor 
phase when hydronium ions were formed. Therefore with a decrease in the acceptor 
phase pH, the distribution of analytes into the organic SLM could increase, 
accounting for the decline in recoveries when more than 10 V was applied [5].  The 
results showed that a low voltage of 10 V was sufficient to extract PCP. This presents 
a possibility to utilize a common dry cell battery for the selective EME of PCP, 
providing another advantage of this approach specific to the determination of this 
particular chlorophenol. 
 
2.3.7. Extraction time  
  
 
Figure 2-5. Extraction time profile of chlorophenols under applied voltage of 10 
V. Extraction was performed at 700 rpm with 50 V, 1 mL pH 12 sample solution, 




Preliminary experiments with extraction time of 5 min showed effective 
extraction of the analytes. In order to investigate the electrokinetic migration of these 
chlorophenols over time, the extraction time was varied from 1 to 30 min. 
As demonstrated in Figure 2-5, the amount of PCP extracted increased from 1 
to 10 min but a clear reduction in the signal intensity could be observed after 10 min. 
A similar result was obtained for 246TCP, while for 4CP and 24DCP, a decline was 
observed after 5 min. Such a phenomenon was most probably due to the back 
extraction of analytes into the organic SLM, which was conceivably triggered by the 
decrease in pH of the acceptor solution after 10 min and beyond. The extraction was, 
therefore, performed for 10 min.   
 
2.3.8. Salt effect 
Addition of NaCl in the range of 0 to 30 % was investigated. As the 
percentage of salt was increased, the recovery of analytes was reduced. This could be 
related to the migration of chloride, as a major competitor, along with the ionic 
species. According to a previous study [6], the presence of high content of ionic 
substances caused an increase in the value of the ion balance in the system, which in 
turn decreased the flux of analytes across the SLM. Thus, migration of the analytes 
would be more efficient in the absence of salt. 
 
2.3.9. Comparative study of EME with LPME  
To generate comparable data, three-phase LPME extraction was carried out 
with the same apparatus and extraction conditions, except for the use of electrodes 
and power supply. The composition of the sample solution was also different. In 




analytes could occur easily; this was necessary to promote electrokinetic migration in 
the system. For LPME, the sample solution was prepared in 0.01 M HCl (pH 2) to 
maintain the neutrality of the analytes and promote their distribution into the organic 
SLM. To perform LPME, 1 mL of sample solution, adjusted to pH 2, was first filled 
into the vial and spiked with the analytes of interest at a concentration level of 5 
mg/L. A 20 µL pH 12 acceptor phase was then placed into the membrane sac (similar 
to EME). The sac was then immersed in 1-octanol for 5 seconds to fill the pores of the 
membrane wall. It was then dabbed gently with lint-free tissue paper to remove excess 
1-octanol. Subsequently, the sac was suspended in the sample solution. During 
extraction, the sample solution was agitated at 1250 rpm with a magnetic stirrer. After 
10 min, the acceptor phase was collected in a 100 µL micro-vial and 10 µL of the 
extractant was injected into the HPLC-UV system. 
 
 
Figure 2-6. Liquid chromatograms comparing EME and LPME at a 
concentration level of 5 mg/L for each chlorophenol over 10 min extraction time 
while sample was stirred at 1250 rpm. Extraction was performed using 20 µL pH 
12 acceptor phase and 1-octanol as SLM. Peaks: 1 = 4CP, 2 = 24DCP, 3 = 
246TCP, 4 = PCP. 
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Although the experiments were similar in terms of the apparatus required, the 
extraction principle is different; in LPME, mass transfer is based on passive diffusion 
instead of electrokinetic migration that is found in EME [7].  
The chromatograms in Figure 2-6 suggest that the developed EME procedure 
is capable of  extracting and enriching PCP specifically;  for the other chlorophenols,  
however, LPME provided better extraction. This result demonstrates that electrical 
potential may be much more efficient than pH gradients in driving extractions of large 
charged hydrophobic compounds across an SLM. The finding shows that EME may 
be more desirable for the selective isolation of higher molecular mass and more 
hydrophobic compounds. 
 
2.4. Method evaluation 
Considering the optimized EME parameters, quantitative analysis was 
evaluated only for the determination of PCP in spiked distilled water samples.  
 
Table 2-1. Analytical data obtained for the determination of PCP using the 














size (mL) Ref. 
Developed EME 










0.015 0.026 2.5-250 0.984 5.9 30 5.0 9 
SPME-fiber 
introduction MSd 0.2 0.6 12.5-400 0.997 - 30 5.0 10 
* Since the data are obtained from different references, there are some inconsistencies in the reporting 
of significant figures.     
 
a
 S/N = 3 
b
 S/N = 10 
c
 Linear dynamic range 
d




An enrichment factor of 23 along with an acceptable sample clean-up was 
obtained. As Table 2-1 summarizes, a linear range of 0.5-1000 µg/L and an excellent 
r2 (coefficient of estimation) value of 0.999 were obtained. The precision of the 
method was determined by performing six consecutive extractions from aqueous 
solutions. The relative standard deviation (RSD) of the peak areas of PCP at a 
concentration level of 0.5 µg/L was found to be 6.8 %. LODs and limits of 
quantification (LOQ), based on a signal-to-noise ratio (S/N) of 3 and 10, were found 
to be 0.1and 0.4 µg/L, respectively.  
Table 2-1 also illustrates some analytical data obtained from other LPME-
based methods and one recent SPME method [8-10] used for the determination of 
PCP. Comparison of EME data with those obtained from these techniques 
demonstrates that electrokinetic migration provides a very efficient extraction 
mechanism. This methodology not only provides sufficient and acceptable sensitivity 
in a short time scale, it could also be used with a small amount of sample without any 
derivatization needed. 
To evaluate the applicability of the proposed method for PCP extraction, 
experiments were performed on sea water samples collected from a coastal location.  
The sea water sample was first extracted using the developed method. Since no PCP 
was found in this sample, or it was below the LOD, the latter was spiked with 1 µg/L 
of PCP, and analysis was carried out as before. The chromatograms of extracts from 
unspiked and spiked sea water samples are shown in Figure 2-7.  
It is worth mentioning that the HPLC conditions were altered to shorten the 
run time since only 1 analyte was considered. Although there was presence of 
impurity peaks due to organic substances present in the sea water, a relative recovery 
of 74 % was achieved for PCP at a spiked level of 1 µg/L, with a reproducibility of 
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5.4 % (n=3). This demonstrated the feasibility of using EME-HPLC for selective PCP 




Figure 2-7. Liquid chromatograms obtained after EME of (a) unspiked sea water 
sample, and (b) sea water sample spiked with PCP at a concentration level of 1 
µg/L. The arrow indicates the PCP peak. 
 
 
2.5. Concluding remarks 
The investigation on the EME of chlorophenols revealed that relatively higher 




via this electrokinetic-based technique. Direct comparison of these results with those 
obtained by other microextraction approaches shows that the proposed technique 
exhibits particular selectivity towards PCP, which is the most non-polar compound 
amongst the chlorophenols considered.  Comparing with the corresponding three-
phase LPME method, the enrichment of PCP was found to be 4 times greater with 
merely 10 min of extraction time. The optimized voltage for extraction was only 10 
V, which allows the use of a common dry cell battery for potential field applications. 
The linearity, reproducibility and detection limits obtained using this method is 
comparable to those achieved by other techniques. 
The EME of 4CP, 24DCP, 246TCP remains to be investigated. It might be 
useful to consider a wider range of SLM that will allow all chlorophenols to be 
successfully extracted via EME. Since the use of ion-pair reagents with the SLM in 
this work had shown little improvement for the extraction of 4CP, 24DCP, 246TCP, it 
might be worthwhile to investigate the use of ionic liquids as the SLM for future EME 
studies. Ionic liquids have recently been more widely used as SLM in 3-phase hollow-
fiber LPME, and it might help in facilitating the transport of the more polar 
chlorophenols across the SLM in the electric field.  
Although more research is required for better understanding of the 
electrokinetic extraction of these analytes across a SLM, the developed technique has 
definitely presented several advantages like simplicity, short analysis time, low cost, 
ease of operation, low consumption of solvent and no requirement of derivatization. 
Lastly, the feasibility of the method to extract PCP selectively was successfully 





Chapter 3. Simultaneous extraction of acidic and basic drugs at 
neutral sample pH: A novel EME approach 
C. Basheer, J. Lee, S. Pedersen-Bjergaard, K.E. Rasmussen, H.K. Lee, J. Chromatogr. A, 1217, 2010, 6661-6667. 
 
3.1. Preamble 
 The simultaneous extraction of acidic and basic analytes from a particular 
sample is a challenging task. In this work, EME of acidic NSAIDs and basic β-
blockers in a single step was carried out for the first time. It was shown that by 
designing an appropriate compartmentalized membrane envelope, the two classes of 
drugs could be electrokinetically extracted by a 300 V d.c. electrical potential. This 
method required only a very short 10-min extraction time from a pH-neutral sample, 
with a small amount (50 µL) of organic solvent (1-octanol) as the acceptor phase. 
Analysis was carried out using GC-MS after derivatization of the analytes. Extraction 
parameters such as extraction time, applied voltage, pH range, and concentration of 
salt added were optimized. Finally, the application of the new method to wastewater 
samples was demonstrated. 
 
3.2. Extraction procedures 
3.2.1. EME  
The extraction device was fabricated according to the schematic shown in 
Figure 3-1. Firstly, four sheets of porous polypropylene HF membrane from 
Membrana were combined and heat-sealed at three edges (two sides and the bottom) 
using a heat-sealing device to give a three-compartment envelope. The dimension of 
the membrane envelope was 1.2 cm × 2.5 cm. A three-dimensional (3D) illustration 
of the membrane envelope is also illustrated. The outer compartments were filled with 
acidic and alkaline buffer solutions (100 µL each), and the middle compartment was 
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filled with an organic acceptor phase (50 µL). The membrane envelope was then 
dipped into toluene (for ca. 5 seconds) to form the SLM on the outer layer of the 
envelope, before placing it into an extraction vial containing the sample solution (23 
mL) for extraction.  
 
                        
Figure 3-1. Schematic of membrane envelope fabrication. 
 
 
In order to perform EME, platinum electrodes of 0.1 cm diameter were used. 
The positive electrode was placed into the acidic buffer (pH 2) compartment and the 
negative electrode was placed into the alkaline buffer (pH 12) compartment. A d.c. 
potential difference (300 V) was applied for 10 min and the sample solution was 
agitated at 700 rpm with a magnetic stirring bar (12 mm length, 4.5 mm i.d.). Figure 
3-2 shows the experimental setup for the simultaneous extraction of acidic and basic 
drugs. After extraction, the organic acceptor phase was collected and derivatized 
using BSTFA. Finally, 2 µL of the derivatized extract was injected into a GC-MS 
system for analysis. 
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 Previously published conditions for SPE were used to carry out a comparative 
study between the extraction techniques [11]. Briefly, commercially available 200 mg 
capacity Oasis-HLB (N-vinylpyrrolidone/dinvinylbenzene) SPE cartridges from 
Waters (Milford, MA, USA) were used as received. SPE was performed using a 12-
port vacuum manifold (Supelco, Bellefonte, PA, USA). Prior to extraction, the 
cartridges were conditioned with 5 mL ultrapure water, 5 mL 1-hexane, 5 mL ethyl 
acetate, 10 mL methanol and 10 mL ultrapure water. Extraction of 100 mL ultrapure 
water sample spiked with the acidic and basic drugs was carried out under vacuum. 
The approximate flow rate was 15 mL/min. After sample loading, the analytes were 
then eluted with 5 mL methanol and dried with anhydrous sodium sulfate. The extract 
was subsequently reduced to 1 mL by a stream of nitrogen. Derivatization was carried 
out with similar procedures  as in the proposed EME approach and 2 µL of the extract  
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was injected into the GC-MS system. 
 
3.3. Results and discussion 
 Having designed the membrane envelope for simultaneous extraction, several 
initial experiments were performed to probe the feasibility of the proposed EME 
technique. In this technique, the electrodes are used to attract analytes of the opposite 
charge (via electrokinetic force) into the buffer solutions, and the analytes are 
subsequently extracted into the organic acceptor solvent via diffusion.  
 To investigate the possibility of the pharmaceuticals undergoing such 
migration, they were spiked into sample solutions at pH 7.2 so that they would be 
sufficiently ionized (i.e. basic drugs were positively-charged; acidic drugs were 
negatively-charged). Under the application of voltage, the basic drugs (propranolol 
HCl, norephedrine HCl and alprenolol HCl) will migrate towards the negative 
electrode and into the alkaline buffer (pH 12). In the buffer solution, the basic 
analytes will lose their protons, and hence be deionized. Similarly and concurrently, 
negatively-charged acidic drugs (ibuprofen, naproxen and ketoprofen) will migrate 
towards the positive electrode placed in the acidic buffer (pH 2) and will be deionized 
as well. In the middle compartment of the membrane envelope was an organic 
acceptor solvent, a better solvent for the deionized drugs than the buffer solutions. 
Hence, both basic and acidic drugs could be extracted simultaneously into the 
acceptor solvent. 
 In the first instance, the effectiveness of electric potential in extracting the 
drugs simultaneously was assessed. Experiments without the application of voltage 
showed that only small amounts of norephedrine HCl and ibuprofen were extracted 
(Figure 3-3a). In this case, the cross-membrane transport mechanisms for the analytes 
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were mainly due to passive diffusion facilitated by pH gradient and sample agitation. 
Over a short period of time, this was not an efficient process. On the other hand, both 
acidic and basic drugs were effectively transported across the membranes and into the 
acceptor solution when an electrical potential difference was applied (Figure 3-3b). 
Apparently, diffusion alone was not sufficient to allow proper extraction of both 
classes of drugs. Potential difference has shown to be the main driving force in 
achieving such simultaneous extraction and the effectiveness of EME has also been 
demonstrated in previous work [12,13]. 
 
 
Figure 3-3. GC-MS-SIM traces demonstrating the significant effect of voltage on 
cross-membrane transport: (a) EME of analytes at 170 µg/L in ultra pure water, 
carried out at 0 V; (b) EME of analytes at 170 µg/L in ultra pure water, carried 
out at 300 V; (c) Standard mixture of analytes at 170 µg/L in methanol (direct 
injection of 1 µL, no extraction). Peaks: 1 = Norephedrine HCl, 2 = Ibuprofen, 3 
= Alprenolol HCl, 4 = Naproxen, 5 = Ketoprofen, 6 = Propanolol HCl. 
 
 Figure 3-3c shows the chromatogram obtained via direct injection of the 














the analytes by EME can be observed when comparing the chromatograms (b) and (c) 
in Figure 3-3.  
These experiments showed that cross-membrane transport based on 
electrokinetic migration is undeniably more effective than cross-membrane transport 
based on passive diffusion. Moreover, this designed EME system is definitely capable 
of the concurrent extraction of both acidic and basic drugs, with high enrichment. As 
such, further optimization of the technique was performed and quantitative analysis 
was carried out.  
 
3.3.1. Extraction time 
 
         
Figure 3-4. Extraction time profile. Extraction conditions: 300 V, toluene as 
SLM, 50 µL 1-octanol as acceptor phase, derivatized at room temperature for 1 
h. 
 
Extraction time was predicted to be shorter than conventional LPME 
procedures [7]. As such, extraction time was varied from 5 to 30 min at constant 
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applied voltage, to monitor EME. Figure 3-4 shows that for most of the analytes, 
maximum recovery was attained after 10 mins of extraction. Instead of observing a 
plateau representing the attainment of equilibrium, recovery of the analytes decreased 
after 10 min. This phenomenon can conceivably be explained by the saturation of 
analytes in the acceptor phase over time, which resulted in re-extraction into the 
buffer solutions. Similar observations were reported in earlier papers as well [3,4]. 
Therefore, 10 min was selected as optimal extraction time. 
 
3.3.2. Applied voltage 
 
 
Figure 3-5. Influence of applied voltage on EME. Extraction conditions: 10 min 
extraction time, toluene as SLM, 50 µL 1-octanol as acceptor phase, derivatized 
at room temperature for 1 h. 
 
 
Preliminary experimentation had shown that applied voltage was an important 
criterion for efficient extraction of both the acidic and basic drugs simultaneously. 
Experiments with different applied potentials were performed over the range from 
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100 to 400 V (with current less than 50 µA). The results are summarized in Figure 3-
5.  
Generally, electrokinetic migration of the analytes into the acceptor solvent 
improved as voltage was increased from 100 to 300 V. This observation followed the 
modified Nernst–Planck equation, which predicts the improvement in the flux of 
analytes with increasing potential difference [6]. However, a further increment to 400 
V showed a decrease in performance of EME. Similar deviation has been reported in 
a recent paper [14]. This can be explained by the bubble formation at the electrodes 
due to electrolysis, causing the flux of the analytes to be unstable and hence hindering 
further improvement in extraction recoveries. 300 V was used for the rest of the study 
to permit maximum concurrent recoveries of all the drugs. 
 
3.3.3. Derivatization conditions 
   
         
Figure 3-6. Derivatization conditions for EME. Extraction conditions: 300 V, 10 




 Derivatization of the pharmaceuticals with BSTFA is necessary to enhance the 
volatility of these high molecular weight drugs, as well as to prevent peak tailing in 
the GC-MS analysis. In this procedure, improper derivatization had been reported due 
to the excessive use of reagent and presence of moisture [15,16]. Hence, it is 
important for the derivatization step to be carried out with care.  
 The time required for derivatization was first optimized. Experiments were 
first carried out at room temperature (i.e. 25ºC), and sufficient derivatization was 
observed only after 1 h. To reduce derivatization time, the mixture was heated at 70ºC 
in a water bath and derivatization time was significantly reduced to 30 min as a result 
(Figure 4-6). Moreover, derivatization was most efficient at 70ºC for 30 min.  
In addition, the influence of different volumes of BSTFA added was 
investigated. Different volume ratios of extract:BSTFA (1:1, 1:2 and 3:1) were tested. 
Best results were achieved with a 1:1 ratio. When a higher ratio of BSTFA was used, 
artifact formation occurred due to the derivatization of siloxane groups on the GC 
column by the excess BSTFA [17]. This led to undesirable damages to the column. 
When low amount of BSTFA was used, incomplete derivatization occurred. 
Therefore, derivatization was carried out according to the following optimized 
condition: BSTFA was added in a 1:1 ratio to the extracted acceptor phase in a micro-
vial that was subsequently capped and sealed tightly with Parafilm (Menasha, WI, 
USA). Utilizing a Vibramax100 vibrator (Heidolph, Kelheim, Germany), the mixture 
was well-mixed and heated in 70ºC water bath for 30 min. With this procedure, 
complete derivatization was observed. 
 
3.3.4. Choice of SLM and organic acceptor phase 
 In  conventional  3-phase  LPME  and  EME  techniques,  the  SLM  acts  as  a  
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medium between the donor and acceptor phase to help speed up the mass transfer of 
the analytes. The approach was also adapted in this newly-designed EME system. All 
considerations to be made when choosing the appropriate organic solvent have been 
described in Sections 1.1.1 and 2.3.1.  
 From the literature, four commonly used solvents were selected and utilized as 
the SLM. Results obtained with 1-octanol were irreproducible and this was probably 
due to the compatibility of alcohols with only acidic analytes, as reported by Balchen 
et al. [1]. For DCM and 1-hexane, lower recoveries were observed. This could be 
attributed to the loss of these relatively more volatile organic solvents when Joule 
heating (as a result of applied voltage over time) occurred during extraction [5]. This 
phenomenon was more prominent with these two solvents as their boiling points are 
much lower than the rest. Satisfactory simultaneous extraction of all the acidic and 
basic analytes was achieved when toluene was tested. Hence, it was chosen as the 
SLM for subsequent analysis. 
 The same criteria were applied when selecting the organic acceptor phase. 
Experiments with 1-octanol, toluene, 1-hexane and ethyl acetate were tested. Due to 
the relative higher volatilities of the solvents, except toluene and 1-octanol, none of 
the solvents were available for collection after 10 min of extraction. Comparing 
toluene with 1-octanol, 1-octanol has a higher boiling point (i.e. 195ºC) and a better 
electrical permittivity (ε = 3.4), which explains its better performance in allowing 
extraction of the two classes of analytes from the respective buffer solutions.  
 
3.3.5. pH in buffer compartments 
 The acidic drugs used have pKa values ranging from 4.2 to 4.6, while the basic 
drugs have pKa values at approximately 9.5 [18-20]. Acidic drugs are in their neutral 
54 
 
form at pH values lower than their pKa values. As for basic drugs, they are in their 
neutral forms at pH values higher than their pKa values. Without adjusting the sample 
pH, different acidic and alkaline phosphate buffers ranging from 2 to 12 were tested. 
It was found that in the acidic buffer compartment and the alkaline buffer 
compartment, extraction efficiency was most effective with the use of phosphate 
buffers at pH 2 and pH 12, respectively. When buffers at pH 4 and 10 were used, 
small quantities of the drugs were extracted. Most probably, drugs that have migrated 
into the buffer solutions were not efficiently extracted into the organic acceptor phase 
due to poorer deionization. This happens when the buffer pHs are too close to the pKa 
values of the analytes. This indicates that the drugs have to be in neutral from in order 
to migrate effectively into the organic acceptor solvent. Another experiment was done 
with pH values at 6 and 8. Not surprisingly, almost none of the drugs were extracted. 
This again further supports the understanding of simultaneous extraction using the 
designed EME system. 
 
3.3.6. Salt effect 
 The “salting-out” effect [21] can often improve extraction performance by 
reducing the solubility of polar analytes in aqueous samples. With the addition of salt, 
water molecules form hydration spheres around the ionic salt molecules. As such, the 
concentration of water available to dissolve analyte molecules is reduced, and the 
overall increase in ionic strength will also drive the analytes to the organic extractant. 
Various concentrations of NaCl ranging from 0 to 30 % (w/v) were evaluated.  Figure 
3-7 shows the effect of salt addition on EME. Here, increasing extraction efficiency 





Figure 3-7. Effect of NaCl addition on EME. Extraction conditions: 300 V, 10 
min extraction time, toluene as SLM, 50 µL 1-octanol as acceptor phase, 
derivatized at 70ºC for 30 min. 
 
 
 With the use of higher concentration of NaCl, the following electrolytic 
reactions were expected to occur at both electrodes: 
Cathode reaction: 2H+ (aq) + 2e¯  → H2 (g) 
Anode reaction: 2Cl¯
 
(aq) → Cl2 (g) + 2e¯  
 However, as no bubble formation was observed around the electrodes, 
chlorine gas evolution at the anode was not of concern in this case. Similar 
observations were also reported in earlier studies [1,2]. With the selected SLM, it is 
possible that chloride ions were not transported across it. Moreover, the current that 
was flowing through the system was kept at an appropriate level (i.e. low µA). As 
such, no chlorine gas was evolved. On the basis of these results, 30 % (w/v) NaCl was 





3.4. Method evaluation 
 In order to assess the practical applicability of the proposed EME method, the 
optimized extraction conditions were adopted to evaluate its quantitative performance. 
The linearity of the method was tested at five different concentration levels, ranging 
from 1 to 200 µg/L. External calibration plots were constructed and good linearity 
with r2 values between 0.982 and 0.997 were obtained. The precision of the method 
was evaluated by performing six consecutive analysis at various analyte 
concentrations and the RSDs ranged from 6 to 13 %.  
 
      Table 3-1. Quantitative performance of EME and comparison with SPE 
Analyte r2 RSD (%)    (n=6) EF 
Recovery (%) 
EME SPE (170 µg/L) SPE (5 µg/L) 
Norephedrine HCl 0.997 12 81 18 6 6 
Ibuprofen 0.982 13 90 20 10 11 
Alprenolol HCl 0.997 11 104 23 18 12 
Naproxen 0.989 10 118 26 22 11 
Ketoprofen 0.997 9 185 40 73 22 
Propanolol HCl 0.993 6 370 80 53 54 
       
 
EFs of 81-370 that corresponded to recoveries ranging from 18 to 80 % were 
achieved. A comparative study was done with SPE at two concentration levels 
according to the procedure as mentioned. SPE gave recoveries that were either 
comparable or lower. EME is shown to have higher capacity for both classes of 
analytes even though it is an equilibrium-based extraction approach. The lower 
recoveries of SPE are mainly due to its multistep procedure and its non-selectivity in 
extracting both acidic and basic analytes concurrently [22]. All these results are 
summarized in Table 3-1.        
LODs (S/N = 3) were found to be in the range of 0.0081-0.26 µg/L. The 
comparison between LODs of EME with other reported techniques is also 
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summarized in Table 3-2. Results show that by using EME, LODs obtained were 
either equivalent or much lower when compared with previously reported LPME and 
SPME procedures. 
  
                Table 3-2. Comparison of LODs with other techniques* 
Analyte 
LODs 
This work (µg/L) LPME (µg/L)  SPME (µg/L) 
Norephedrine HCl 0.13 300 a  - 
Ibuprofen 0.13 0.1 b   0.2 d 
Alprenolol HCl 0.18 - 0.82 e 
Naproxen 0.26 70 c  5.0 d 
Ketoprofen 0.027 55 c - 
Propanolol HCl 0.0081 - 0.82 e 
       * Since the LODs are obtained from different references, there are some inconsistencies in  
                    the reporting of significant figures.     
 
a
 LPME-CE-ultraviolet detection (UV) [23] 
b LPME-HPLC-UV [24] 
c Dynamic LPME-HPLC-UV [25] 
d
 SPME-GC-MS [26] 
e SPME-LC-MS [27] 
 
 
3.5. Wastewater analysis 
Wastewater samples were collected from drains and extracted using the 
proposed method. The concentrations of the pharmaceuticals detected are summarized 
in Table 3-3. Wastewater samples spiked at a concentration level of 5 µg/L were also 
analyzed under the optimum EME conditions. The enrichment factor and recovery 
from the spiked wastewater samples, EFreal sample and Rreal sample respectively, were 
calculated based on the following equations: 
EFreal sample   = 
Ca,final  -  Ca,found 
                (4) 
Cs,initial 
 
Rreal sample     = EFreal sample     × 
Va 




where Ca,final is the final analyte concentration in the acceptor solvent, Ca,found is the 
analyte concentration found from unspiked real sample and Cs,initial is the initial 
analyte concentration
 
spiked into the sample solution. Va is the volume of acceptor 
phase and Vs is the sample volume. 
 
          Table 3-3. Wastewater analysis 
Analyte 
Concentration found 
in unspiked real 
sample (µg/L) 
Real sample spiked at 5 µg/L of each analyte 
EFs Recovery (%) 
RSD (%)  
(n=3) 
Norephedrine HCl not detected 89 19 7.9 
Ibuprofen not detected 56 12 9.5 
Alprenolol HCl 5.4 122 26 5.7 
Naproxen 7.1 121 26 6.4 
Ketoprofen not detected 148 32 9.1 
Propanolol HCl not detected 350 76 4.0 
    
 
                 
 The results are tabulated in Table 3-3. The EFs and recoveries of the analytes 
from the spiked real samples were comparable to that from spiked ultrapure water. 
This clearly shows that interferences from real samples do not affect the selectivity of 
the EME system. This is due to the protection afforded by the membrane. It is obvious 
that the present method is rugged and applicable to environmental samples. 
 
3.6. Concluding remarks 
 In the present study, for the first time, a method based on electrokinetic 
migration has been developed for the simultaneous determination of trace levels of 
acidic and basic drugs in water samples at neutral pH. Compared with passive 
diffusion, electrokinetic migration is a much more effective transport mechanism, 
providing high extraction efficiencies in very short time. Moreover, with the specially 
designed and fabricated membrane envelope, effective extraction of the two different 
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classes of analytes in a single step was performed. The polypropylene membrane also 
acts as a filtering device, and with the selected SLM, only the analytes were allowed 
to pass through the walls of the membrane. As such, the system provides proper 
sample clean-up and also allows relatively dirty samples to be handled. Although 
future work is required to fully understand the kinetics of the analytes via EME, this 
analytical technique developed herein is certainly a rapid and powerful tool for both 
qualitative and quantitative determination of trace level pharmaceutical residues in 





Chapter 4. Novel polymeric membrane envelopes for use in 
simultaneous extraction of acidic, basic and neutral pollutants from 
neutral pH samples 
 
4.1. Preamble 
 The successful development of an EME technique to extract acidic and basic 
analytes simultaneously using a three-compartment membrane envelope (Chapter 3) 
provided the motivation to explore the possibility of extracting acidic, basic and 
neutral environmental pollutants in a single step. In this part of the thesis, a novel 
LPME approach, involving the use of specially designed membrane envelopes, for the 
extraction of these three classes of analytes is reported. Thirteen selected analytes 
were simultaneously extracted based on two different transport mechanism: Charged 
analytes were extracted via EME while neutral anaytes were extracted via LPME into 
the organic acceptor solvent. Factors influential to the extraction (derivatization 
conditions, choice of SLM, type of organic acceptor phase, applied voltage and 
extraction time) were investigated in detail. Finally, this newly established approach 
was successfully applied to spiked wastewater samples, demonstrating its 
applicability to real environmental matrices.  
 
4.2. EME procedure 
 As shown in the schematic in Figure 4-1, the HF polypropylene membrane 
envelope was fabricated from two sheets of Accurel 2E HF polypropylene membrane 
(from Membrana), with the smaller piece (2.4 cm × 2.5 cm) overlaying the larger 
piece (2.4 cm × 3.0 cm). The two pieces were heat-sealed as shown below, using a 
plastic bag heat-sealing device. The assembly was then folded in half and heat-sealed 
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at the other three edges as shown. The fabricated membrane envelope consisted of 
two outer compartments and a longer central compartment.  
 
 
Figure 4-1. Schematic of membrane envelope fabrication. 
 
 
 Figure 4-2 shows the experimental setup for the simultaneous extraction of 
acidic, basic and neutral analytes using the HF polypropylene membrane envelope. 
Firstly, 80 µL of acidic and alkaline buffer solutions were filled in the outer 
compartments and the acceptor phase (120 µL) was filled in the middle compartment. 
The filled membrane envelope was then partially dipped into a suitable organic 
solvent for 5 seconds to form the SLM, before placing it into an extraction vial 
containing the sample solution (23 mL) for extraction. In order to conduct EME, 
platinum electrodes of 0.1 cm diameter were used. The positive electrode was placed 
into the acidic buffer (pH 2) while the negative electrode was placed into the alkaline 
buffer (pH 12). Voltage was applied and the sample solution was stirred at 500 rpm 




Figure 4-2. Experimental set-up of LPME-EME system. 
 
 
 After extraction, 40 µL of organic acceptor solution was collected and 
derivatizing agent BSTFA was added. Finally, 2 µL of the derivatized extract was 
analyzed by GC-MS. 
 
4.3. Results and discussion 
4.3.1.  Basic working principle 
 In a previous study (Chapter 3) [28], electrodes were used to enable 
electrokinetic migration of the acidic and basic analytes into the buffer solutions, 
which were finally extracted into the organic acceptor solvent. In this work, the new 
experimental design aimed to combine the EME transport mechanism with LPME, to 
extract acidic, basic and neutral analytes simultaneously. Briefly, the basic and acidic 
analytes were sufficiently ionized in the neutral pH (pH 7.2) sample solutions; 
therefore under the application of voltage, the basic analytes (propranolol HCl, 
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norephedrine HCl, alprenolol HCl, estrone, 17β-estradiol and 17α-ethynylestradiol) 
and the acidic analytes (ibuprofen, naproxen, ketoprofen and diclofenac) would 
migrate electrokinetically towards the electrode of opposite charge. Once in the buffer 
solutions, they would be deionized. In the middle compartment was the organic 
acceptor solvent, which is a better solvent for the deionized analytes, comparatively to 
the buffer solutions. Hence, both basic and acidic analytes would be further extracted 
into the acceptor solvent. As the application of voltage would have no effect on the 
neutral analytes, OCPs (heptachlor, trans-chlorodane and mirex), they were directly 
extracted into the acceptor solution through the longer central compartment of the 
membrane envelope via passive diffusion (aided by stirring of the sample). As such, 
voltage was the main driving force for the charged analtyes, while passive diffusion 
was the main mass transfer mechanism for the neutral analytes. Fundamental aspects 
crucial to the isolation of all the three classes of analytes were investigated for a better 
understanding of the system. 
 
4.3.2.  Derivatization conditions for acidic and basic analytes 
 For proper separation of the pharmaceuticals and estrogens by GC-MS, 
derivatization was required. BSTFA was chosen as the derivatization reagent to 
replace the active hydrogens from the hydroxyl (R-OH), amines (NR2H) and 
carboxylic acids (-COOH) with trimethylsilyl (TMS) groups. This reduces the 
polarity of the compounds and hence prevents peak tailing in the GC-MS analysis. 
Since derivatization has a significant impact on the quality of separation, 
derivatization time, temperature and the amount of BSTFA added were explored in 
detail. The optimal temperature and derivatization time were found to be at 60ºC and 
for 20 min after a series of experiments. 
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 Different ratios of the acceptor solvent to the volume of BSTFA (1:2, 1:1, 2:1) 
were also tested. Best results were obtained with a 2:1 ratio (40 µL of acceptor 
solution with 20 µL of BSTFA). Artifact formation was observed when higher 
amount of BSTFA was used. This was due to the derivatization of siloxane groups on 
the GC column by the excess BSTFA [17] and this could cause detrimental effects to 
the column. Hence, in the subsequent optimization study, derivatization was carried 
out at 60ºC for 20 min with a 2:1 ratio of acceptor solvent to the volume of BSTFA. 
 
4.3.3.  Choice of SLM and organic acceptor phase 
 The SLM and organic acceptor phase were chosen according to the criteria 
described in Section 3.3.4. Three different solvents were evaluated for the SLM, i.e. 
toluene, dichloromethane, 1-octanol, and results are summarized in Figure 4-3. The 
results indicated that toluene provided the best recoveries for the analytes.  
 
 
Figure 4-3. Selection of SLM. Extraction conditions: 300 V, 5 min extraction 




 Five organic solvents were used for the selection of a suitable acceptor phase 
in the LPME-EME design. They were 1-octanol, toluene, dichloromethane, 1-hexane 
and ethyl acetate. Of the five solvents, n-hexane and ethyl acetate were too volatile 
and the amount available for collection after 15 min of extraction was insufficient for 
further analysis. Dichloromethane gave irreproducible recoveries of the analytes. This 
could be because it leaked readily from the membrane bag, resulting in the 
inconsistent loss of analytes during extraction [29].  
 
         
Figure 4-4. Selection of organic acceptor phase. Extraction conditions: 300 V, 5 
min extraction time, toluene as SLM, derivatized at 60ºC for 20 min.  
 
 
 From Figure 4-4, 1-octanol gave better recoveries for all analytes as compared 
to toluene. The general low recovery of analytes with toluene could be due to the 
mixing of the SLM with the acceptor phase, which would not allow effective isolation 
of the analytes into the acceptor phase. 1-octanol was finally selected as a compatible 
acceptor solvent. Nevertheless, it is clear that more work is required in detail to fully 
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understand the electrokinetic migration and passive diffusion of the analytes through 
the various aqueous and organic phases in this LPME-EME system. 
 
4.3.4. Applied Voltage 
 In this combination of LPME and EME, the application of voltage plays a 
significant role in the electro-migration of the estrogens, acidic NSAIDs and basic β-
blockers (charged analytes). The results (Figure 4-5) showed a similar trend reported 
in Section 3.3.2.  
 
 
Figure 4-5. Influence of applied voltage on EME. Extraction conditions: 5 min 
extraction time, toluene as SLM, 1-octanol as acceptor phase, derivatized at 60ºC 
for 20 min. 
 
 
 When there was no voltage applied, the amount of estrogens and 
pharmaceuticals extracted was relatively low. However, a vast increase in the 
recoveries of these analytes was observed once voltage was applied. The results have 
further proved that the potential difference applied is the main driving force for the 
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extraction of the charged analytes. The decrease in analytes extracted at a higher 
voltage of 400 V was again due to bubble formation from electrolysis and this caused 
the suppression of net transfer of the analyte into the buffer solution [1,3]. The 
application of electrical potential difference has no effect on the neutral OCPs (i.e. 
heptachlor, trans-chlorodane, mirex) as these analytes are uncharged and hence their 
recoveries were almost constant.  
 Another test was carried out, where reverse polarity was applied to the 
electrodes (i.e. the negative electrode was placed into the acidic buffer (pH 2) while 
the positive electrode was placed into the alkaline buffer (pH 12). The recoveries of 
the analytes obtained under such conditions were similar to those when no voltage 
(i.e. 0 V in Figure 4-5) was applied. The recoveries of the neutral analytes were again 
unaffected. The low extraction efficiency of the charged analytes was due to 
insufficient deionization of these analytes in the buffer solutions; the basic analytes 
drawn towards the negative electrode remained positively-charged in the pH 2 buffer 
while the acidic analytes drawn towards the positive electrode remained negatively-
charged in the pH 12 buffer. This in turn resulted in the improper passive diffusion of 
the charged analytes into the acceptor phase, and hence accounting for the negligible 
amount of acidic and basic analytes recovered.  
 This experiment demonstrates the feasibility of the proposed technique when 
the electrodes placed in the buffer solutions are assigned with the right polarity, and 
that the analytes have to be sufficiently deionized after they have electrokinetically 
migrated into the buffer solutions. This also reflects the isolation of the charged 
analytes via EME and passive diffusion, and the neutral analytes via LPME. The 




4.3.5.  Extraction time  
 Preliminary experiments with extraction time of 5 min showed effective 
extraction of the analytes. To investigate the effect of extraction time on the extraction 
efficiencies, extraction time was varied from 5 to 20 min. 
 
 
Figure 4-6. Extraction time profile. Extraction conditions: 300 V, toluene as 
SLM, 1-octanol as acceptor phase, derivatized at 60ºC for 20 min. 
 
 
 As shown in Figure 4-6, highest recovery was obtained after 15 min of 
extraction. The rapid decrease in recoveries of all the analytes after 15 min was 
mainly due to the dislodgement of organic solvent from the membrane [5]. Based on 
these results, 15 min of extraction time was selected to achieve good recoveries for all 
analytes. 
 
4.4. Method evaluation 
 Under the optimized conditions, quantitative analysis was carried out to 
investigate the performance of the system. All the quantitative data are shown in 
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Table 4-1. The thirteen analytes exhibited good linearity with r2 values, ranging from 
0.974 to 0.999, over a linearity range of 1-200 µg/L. LODs calculated at S/N = 3 were 
as low as 0.005 µg/L to 0.09 µg/L. The precision of the method was evaluated using 
five replicate experiments with aqueous samples containing 10 µg/L of the analytes. 
The RSDs were found to be 1.9-12.5 %. Finally, good enrichment factors in the range 
of 18-90 were obtained.  
 











Ketoprofen 1 - 200 0.994 0.005 13 67 
Ibuprofen 1 - 200 0.996 0.05 9.7 22 
Naproxen 1 - 200 0.998 0.09 3.8 49 
Diclofenac 1 - 200 0.986 0.07 10 31 
Alprenolol  1 - 200 0.978 0.07 1.9 34 
Norephedrine 1 - 200 0.974 0.02 8.1 22 
Propranolol  1 - 200 0.976 0.09 2.9 75 
Heptaclor 1 - 200 0.994 0.01 4.5 90 
Trans-chlorodane 1 - 200 0.999 0.02 6.6 61 
Mirex 1 - 200 0.999 0.06 2.6 22 
Estrone 1 - 200 0.998 0.07 3.9 21 
β-estradiol 1 - 200 0.999 0.08 2.2 25 
Ethynylestradiol 1 - 200 0.983 0.06 11 18 
  
With the promising performance of the LPME-EME system, this newly 
established approach was applied to wastewater samples, to evaluate its applicability 
to real samples. However, no analytes were found in the wastewater samples or they 
were below the LODs. Analytes (50 µg/L of each) were therefore spiked into the 
samples and relative recoveries were calculated (Table 4-2, below).  
The relative recoveries of the analytes fell in an acceptable range of 37-80 %, 
where there was an indication of some matrix effects on the LPME-EME system. 
Nevertheless, this novel extraction design is still an appropriate sample preparation 
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method which allows the simultaneous extraction of all the three different classes of 
analytes in only 15 min. 
 
Table 4-2. Analysis of wastewater samples spiked at 50 µg/L of each analyte 
Target Relative RSD (%)   
Analytes Recovery (%) (n=3) 
Norephedrine HCl 65 8.6 
Ibuprofen 79 6.9 
Heptaclor 54 6.6 
Alprenolol HCl 53 5.1 
Naproxen 78 8.5 
Trans-chlorodane 46 1.5 
Ketoprofen 80 6.7 
Diclofenac 56 4.0 
Propranolol HCl 37 2.8 
Mirex 77 3.2 
Estrone 62 8.1 
β-estradiol 49 1.3 
Ethynylestradiol 49 5.1 
 
 
4.5. Concluding remarks 
 Reported LPME and EME studies have mainly been focused on the isolation 
of only a certain class of analytes during each extraction. The present work has for the 
first time demonstrated that different classes of analytes can be extracted concurrently 
with the specially designed polypropylene membrane envelope in a single step. The 
process is very rapid, requiring only 15 min of extraction. Moreover, it provides 
sufficient sample clean-up. Since the extraction device is cost-effective to fabricate 
and is disposed after a single use, carry-over effect is prevented. Although more work 
is required to fully understand the process of electrokinetic cross membrane extraction 
of the charged analytes in this case, it is confidently predicted that this design may be 
an important sample preparation method in future, where convenient, fast and 
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Chapter 5. Fully-automated dynamic in-syringe LPME and on-
column derivatization of carbamate pesticides with GC-MS analysis 
J. Lee, H.K. Lee, Anal. Chem., 83, 2011, 6856-6861. 
 
5.1. Preamble 
 The ease with which the syringe plunger could be manipulated to extract 
analytes from water and to enhance analyte enrichment within the barrel of a 
microsyringe provided the motivation to consider automating the process. Therefore, 
the feasibility of using a CTC CombiPAL autosampler to automate the dynamic in-
syringe LPME prodecures was investigated. In this study, a fully-automated dynamic 
in-syringe LPME procedure, that includes extraction, derivatization and analysis (by 
GC-MS) entailing multiple consecutive experiments, is demonstrated for the first 
time.  To demonstrate the feasibility of this novel procedure, several carbamate 
pesticides as model compounds were considered. Extraction parameters affecting the 
extraction efficiency, such as the type of organic solvent used, dwell time, extraction 
rate, sampling volume, number of sampling cycles and salt addition were optimized 
using OADs [1-4]. The application of the latter required at least 16 experiments to 
optimize the aforementioned parameters, and therefore provided the ideal opportunity 
to demonstrate if all these optimization experiments could be conducted consecutively 
in a completely automatic manner, without human intervention. The optimized 
conditions were then applied to the analysis of carbamates in spiked canal water 
samples. This automated dynamic in-syringe LPME approach demonstrated the 
feasibility of a complete analytical system comprising sample preparation and GC-MS 





5.2. Fully-automated dynamic in-syringe LPME with on-column 
derivatization procedure 
A 10 µL Hamilton GC microsyringe was used for both extraction and injection 
of the extracts together with the derivatization reagent into the GC-MS. All the 
following steps for dynamic in-syringe LPME, combined with on-column 
derivatization, were performed automatically by the CombiPAL autosampler and the 
Cycle Composer software: Rinsing of the syringe, withdrawal of extractant solvent, 
continuous withdrawal and dispensation of sample solution (dynamic in-syringe 
LPME), vial transfer, agitation, withdrawal of derivatizing agent and injection into the 
GC-MS system. The extraction of analytes was performed in 2.0 mL vial, with 
magnetic screw caps, containing 1.5 mL of aqueous samples. 
 
 
Figure 5-1. Schematic of fully-automated dynamic in-syringe LPME. 
 
 
The following describes the automated LPME procedure: First, after rinsing of 
the microsyringe, 1 µL of 1-octanol extractant was withdrawn into it (Figure 5-1a). 
The microsyringe was then moved to the sample vial by the autosampler, and 9 µL of 
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the sample solution was withdrawn into the syringe barrel at a rate of 0.1 µL/s.  After 
a dwell (pause) time of 8 sec, the sample solution was dispensed from the syringe 
barrel at a rate of 0.1 µL/s (Figure 5-1b). Since the extraction operation itself could 
not be conducted simultaneously with sample agitation, after each withdrawal-
dispensation step (sampling cycle), the sample solution was transferred to the agitator 
and agitated at 300 rpm for 20 s to maintain its homogeneity before the next sampling 
cycle. Such a sampling and agitation cycle was repeated 18 times for each of 16 
samples in the OAD exercise to optimize the extraction parameters and their possible 
interactions. Finally, with the analytes enriched in the extractant solvent in the syringe 
barrel, the microsyringe was conveyed to a vial containing the derivatizing agent 
TMPAH (Figure 5-1c). One microliter of TMPAH was withdrawn into the 
microsyringe, after which the extract-TMPAH mixture (2 µL) was injected directly 
into the GC-MS for on-column derivatization and analysis. The entire process was 
then repeated automatically. 
    
5.3. Results and discussion 
5.3.1. Selection of organic acceptor solvent  
 The selection of organic solvent as the acceptor phase is important in LPME to 
achieve good selectivity and efficient analyte enrichment. In dynamic in-syringe 
LPME, an organic film forms on the inner wall of the syringe barrel when the plunger 
is withdrawn to draw in the sample solution. The target analytes are transferred from 
the aqueous sample bulk to the organic film. The extraction efficiency is dependent on 
the partition coefficient of the analytes between the aqueous and organic phases, as 
well as the film formation [5]. The film formation is affected by the physical 
characteristics of the organic solvent chosen, for instance, its viscosity and surface 
tension. Furthermore, in this work, it also acts as a carrier for the subsequent 
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derivatization procedure, ensuring that on-column derivatization is at its most 
efficient. Hexane, toluene, 1-octanol and isooctane were examined as suitable 
extractant solvents. Among the four, results obtained using 1-octanol and isooctane 
were more reproducible, with RSDs below 10 %. The comparison of reproducibility is 
shown in Table 5-1.  
 
    Table 5-1. Influence of organic acceptor solvent on fully-automated dynamic  
    in-syringe LPME 
Analyte 
Hexane  Toluene  1-Octanol  Isooctane 
RSD (%) 
(n=3) 
 RSD (%) 
(n=3) 
 RSD (%) 
(n=3) EF 
 RSD (%) 
(n=3) EF 
Promecarb 10.4  14.1  4.6 104  9.4 56 
Aminocarb 18.9  18.1  4.3 76  2.5 55 
Methiocarb 11.5  12.3  7.7 65  5.8 54 
Carbaryl  8.5  14.5  2.4 55  5.6 78 
     Optimization study was conducted at a concentration level of 1 mg/L of each analyte. 
 
Toluene gave the highest RSDs and this could be attributed to its highest 
solubility in water (0.57 g/L at 23ºC) [6], amongst the solvents considered. High 
RSDs were also obtained when hexane was used; this could be due to the loss of 
solvent over time, as hexane also has some solubility in water (0.013 g/L at 22ºC) [6]. 
As a result, an air bubble was observed to occur between the solvent and sample plug 
during extraction; this in all likelihood led to the higher irreproducibility in the results. 
1-Octanol showed the best enrichment of the analytes. Based on the above results, 1-
octanol was chosen as the acceptor solvent for the subsequent OAD optimization. 
 
5.3.2. OAD optimization [3,4] 
Since various interactions between the variables of dynamic in-syringe LPME 
have not been extensively investigated and reported in literature, it was essential for a 
study on these to be carried out.  
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By choosing a two-level OAD, many variables together with their interactions 
can be simultaneously examined by the least number (i.e. 16) of experiments. The 
effects of five variables (rate of plunger movement, dwell time, sampling volume, 
number of sampling cycles and salt concentration) and eight possible interactions 
were evaluated (Table 5-2). 
The responses (enrichment factors, EFs) from the array were calculated, and 
are tabulated in Table 5-3. The mean responses for each factor at the two different 
levels (r1 and r2) are also presented in Table 5-3. From the mean value difference, d 
(defined in Section 1.5), it was concluded that the number of sampling cycles (D) was 
the most significant variable, followed by the sampling volume (C). Interaction 
between sampling volume and sampling cycles (C × D) was the most significant 
amongst the eight interactions considered. On the contrary, the effects from the rate of 
plunger movement (A), dwell time (B) and salt concentration (E) were negligible. The 
other interactions were also comparatively of less importance. Moreover, the 
percentage contribution owing to error (unknown or uncontrolled factors), calculated 
from the dummy factors, was low (4.6 %).  
This demonstrated that there was no important factors or interactions excluded 
in the initial array design, and therefore all other interactions between factors could be 
neglected in this present study. 
According to the initial results, a four-level OA16 (45) array (Table 5-4) was 
chosen to effectively study the effects of sampling volume, number of sampling 
cycles, and their interaction for a more comprehensive optimization of the fully-
automated dynamic in-syringe LPME procedure. The extractions were carried out 
with the rest of the less significant variables fixed at the level that gave the higher 
mean response (r) from the OA16 (215) array. Therefore, the rate of plunger movement, 
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dwell time and salt concentration were fixed at 0.1 µL/s, 8 s and 30 % (w/v) 
respectively. 
 
        Table 5-4. Assignment of factors and level settings for optimization 
        of dynamic in-syringe LPME experiments by OA16 (45) matrix 
Level 
Column no. 
1 2 3 4 5 
 A B (A × B)1 (A × B)2 (A × B)3 
1 9 µL 9    
2 8 µL 12    
3 7 µL 15    
4 6 µL 18    
           A = sampling volume; B = sampling cycles;  




         Table 5-5. OA16 (45) matrix with experimental results 
Trial 
no. 
Factors & interactions   Response (EF) 
A B (A × B)1 (A × B)2 (A × B)3 Sum 1 Sum 2 Sum 3 
1 1 1 1 1 1 291 289 292 
2 1 2 2 2 2 353 340 340 
3 1 3 3 3 3 439 435 461 
4 1 4 4 4 4 400 407 403 
5 2 1 2 3 4 279 272 277 
6 2 2 1 4 3 264 273 270 
7 2 3 4 1 2 385 378 392 
8 2 4 3 2 1 432 424 431 
9 3 1 3 4 2 284 282 283 
10 3 2 4 3 1 270 276 274 
11 3 3 1 2 4 371 352 366 
12 3 4 2 1 3 398 396 404 
13 4 1 4 2 3 291 288 290 
14 4 2 3 1 4 324 313 333 
15 4 3 2 4 1 301 307 307 
16 4 4 1 3 2 332 337 323 
         r1 1112 855 940 1049 974    
r2 1019 908 993 1070 1007    
r3 989 1123 1110 993 1052    






The experimental results of the four-level array are presented in Table 5-5. 
Data analysis was carried out according to the equations and methods for data 
analysis strategy employing ANOVA [4] and the results are tabulated in Table 5-6. 
The effects of the variables on the response function can be evaluated by both their F 
ratio and their PC %. The F-test results shown in Table 5-6 established that the two 
variables and their interaction were all statistically significant at P < 0.001; this was in 
good agreement with the results obtained from the first array. These results were 
further confirmed by the analysis of PC %, which indicates how important each 
variable or interaction is amongst the rest of the considered factors. It can be seen that 
the most important variable is B (sampling cycles, 61.9 %), and variable A (sampling 
volume) contributed 13.6 %. Results from Table 5-6 indicate that at the superior 
levels, the interaction between sampling volume and sampling cycles (A × B) was of 
higher importance. A significantly low contribution from error (1.2 %) was attained as 
well. 
 
    Table 5-6. ANOVA table for experimental responses in the OA16 (45) matrix  
Source SS d.f. MS F  SS' PC (%) 
  
Sampling volume (A) 21566 3 7189 173 ** 21442 13.6 
  
Sampling cycles (B) 97925 3 32642 785 ** 97800 61.9 
 
(A × B) 37226 9 4136 100 * 36852 23.3 
 
Error 1330 32 42   1953 1.2 
 
Total 158047 47    158047 100.0 
 
     SS = sum of squares; d.f. = degrees of freedom; MS = mean squares; F = critical values;  
     SS' = purified sum of squares; PC = percentage contribution. 
     ** F(3,32) = 6.94 at P < 0.001; * F(9,32) = 4.30 at P < 0.001 
 
 
Based on the OAD experiments, the optimized extraction conditions were: 9 
µL sampling volume, 18 sampling cycles, 8 s dwell time, addition of 30 % (w/v) salt 
concentration to the sample and 0.1 µL/s for the rate of the plunger movement. 
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5.3.3. Influence of sampling volume and sampling cycles 
Sampling volume is the volume of aqueous sample that is withdrawn into the 
syringe in each cycle (Vasp). A sampling cycle consists of the withdrawal and 
dispensation of the aqueous sample, with a dwell time in between. Figure 5-2 shows 
the OAD-calculated mean values of the sum of enrichment factors of the analytes at 
different levels of the four-level OA16 (45) array, r1 to r4. The EFs of the analytes 
increased with the increase in sampling volume.  
Similarly, when the number of sampling cycles increased, better enrichment of 
the analytes was observed. A larger amount of sampling volume allowed more 
analytes to be enriched into the organic film formed on the glass barrel of the 
microsyringe in each sampling, while the repeated movement of the syringe plunger 
caused a continuous renewal of the organic film and aqueous sample plug, which 
promoted analyte extraction. 
 
 
Figure 5-2. The effect of sampling volume (A) and sampling cycles (B) on 
automated dynamic in-syringe LPME. Levels 1, 2, 3 and 4 of (A) are:  9, 8, 7 and 
6 µL respectively; Levels 1, 2, 3 and 4 of (B) are: 9, 12, 15 and 18 respectively. 




These results were consistent with those obtained previously by non-
automated dynamic in-syringe LPME procedures [5,7] and could be supported by the 
following equations. 
The concentration of analytes in the organic phase after the first sampling 
(Cop,1) is  
    Cop,1 = 2δKCaq,iniVasp / (R +  2δK) Vop                                                                                    (6) 
where δ is the thickness of the organic film, K is the distribution coefficient, Caq,ini is 
the initial concentration of the analytes in the aqueous sample, R is the inner diameter 
of the microsyringe glass barrel, and Vop is the volume of the organic plug. 
 After n sampling cycles, the concentration of analytes in the organic phase 
(Cop,n) is 
Cop,n = nCop,eq Vof / Vop                                                                                                                     (7) 
where Cop,eq is the equilibrium concentration of analytes in the organic phase and Vof 
is the volume of the organic film.  
 It was assumed that the organic film was completely renewed after each 
sampling cycle; hence the concentration of analytes in the organic phase after each 
subsequent sampling was deduced to be equivalent to Cop,1, and therefore same as 
Cop,eq. Combining equations (6) and (7) gives 
Cop,n = n2δKCaq,iniVaspVof / (R +  2δK) Vop2                                                (8) 
 Equation (8) clearly reveals that Cop,n is proportional to the sampling volume, 
as well as the number of sampling cycles. Better enrichment of the analytes could 
potentially be achieved if syringes with larger capacity (eg. 25 µL) were used (i.e. Vasp 
is increased), with possibly fewer sampling cycles. However, firm conclusions can 
only be drawn from further OAD optimization and investigation of the interaction 
between the  two  variables using a large  capacity  syringe. This will be a subject of a  
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future study.  
 In this work, 18 sampling cycles were applied, which gave acceptable results 
(see below) and also allowed a reasonable extraction time. 
 
5.4. Method performance 
With the conditions of fully-automated dynamic in-syringe LPME optimized, 
the precision, linearity and LODs were evaluated. The results are shown in Table 5-7.  
 
           Table 5-7. Performance of fully-automated dynamic in-syringe LPME 








The precision of the method was determined by performing 6 consecutive 
automated extractions from spiked aqueous solutions. The RSDs of the analytical 
responses at a low concentration level (10 µg/L of each target analyte) were found to 
be between 1.0 and 6.0 %. The EFs were acceptable, ranging from 57 to 138. The 
calibration plots of the analytes also exhibited good linearity with satisfactory r2 
values of 0.990 to 0.998. 
The LODs, calculated at a signal-to-noise (S/N) ratio of 3, ranged between 
0.05 and 0.1 µg/L, which are lower than that given by the USEPA method 531.1 
(Table 5-8). Compared to other microextraction approaches like static HF-LPME, 
liquid-liquid microextraction using room temperature ionic liquid (RTIL-LLME), 








Promecarb 138 4.5 0.2 - 1000 0.993 0.05  
Aminocarb 124 2.8 0.2 - 1000 0.997 0.05  
Methiocarb 57 1.0 0.5 - 1000 0.998 0.1  
Carbaryl  93 6.0 0.5 - 1000 0.990 0.09  
Experiments were conducted under these optimized extraction conditions: 18 sampling 
cycles for each sample, 9 µL sampling volume, 8 s dwell time, addition of 30 % (w/v) 
salt concentration to the sample, and 0.1 µL/s as the rate of the plunger movement. 
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dispersive liquid-liquid microextraction (DLLME) and SPME (Table 5-8), the present 
method showed higher sensitivity. 
 
  Table 5-8. LOD comparison of fully-automated dynamic in-syringe LPME with  
















Promecarb 0.05 n.a. 0.2 40 n.a. 15.0 n.a. 
Aminocarb 0.05 n.a. n.a. n.a. n.a. n.a. n.a. 
Methiocarb   0.1 4.0 0.2 5.0 n.a. 4.0 0.6 
Carbaryl  0.09 2.0 0.2 2.0 0.4 1.0 1.2 
* Since the data are obtained from different references, there are some inconsistencies in the 
reporting of significant figures.     
n.a.: not available. 
 
a
 Direct aqueous injection into HPLC-fluorescence detector, followed by post column  
derivatization [8]. 
b Hollow fiber liquid-phase microextraction and on-column derivatization combined with  
GC-MS [9]. 
c Liquid-liquid microextraction using room temperature ionic liquid, combined with HPLC-
ultraviolet (UV) detection [10]. 
d Dispersive liquid-liquid microextraction with HPLC-UV [11].  
e Automated in-tube SPME with HPLC-UV [12].  




Moreover, the developed technique permits the determination of carbamates at 
levels below those of European Union Directives (98/83/EC), which established that 
the maximum allowed concentration of individual pesticides be 0.1 µg/L and of total 
pesticides be 0.5 µg/L, in drinking water [14]. 
The current method also has the advantage of not needing any additional 
dedicated extraction supplies (such as hollow fibers) or devices (as in SPME), and of 
course, multiple consecutive extractions can be conveniently carried out completely 





5.5. Canal water analysis 
The applicability of the proposed fully-automated technique from a genuine 
environmental aqueous matrix was evaluated using canal water samples collected 
from a residential area. The samples were consecutively and automatically extracted 
and analyzed as described above. Filtration of the samples was carried out using a 
Millex-HN 13mm filter unit with 0.45µm pore size (Millipore Corporation, Billerica, 
USA) prior to the fully-automated extraction. No target analytes were detected in 
these water samples, or they were below the LODs (not surprisingly since carbamates 
are not officially used in this country), so each carbamate was spiked into the samples 
(10 µg/L) and extracted using the method developed.  
The relative recoveries (defined as the ratio of the concentration of analytes 
from spiked genuine sample extracts to that from spiked ultrapure water extracts) 
were calculated to evaluate matrix effects. Results of relative recoveries and RSDs of 
6 spiked canal water samples are shown in Table 5-9.  
 
Table 5-9. Analysis of canal water samples spiked at 10 µg/L of each analyte 
Analyte Relative Recovery    (%) 
RSD (%)          
(n=6) 
Promecarb 125 5.6 
Aminocarb 81 3.6 
Methiocarb 84 2.3 
Carbaryl  109 5.0 
 
  
The data demonstrated very high relative recoveries, with RSDs less than 5.6 
%. The excellent reproducibility was attributable to the full automation of the 
procedure and the results below showed that the matrix had negligible effect on the 





Figure 5-3. GC-MS-SIM chromatograms of real samples obtained from fully-
automated dynamic in-syringe LPME. (a) Blank canal water sample, (b) Spiked 
canal water sample (spiked with 10 µg/L of each carbamate pesticide). Peaks: 1 = 
Promecarb, 2 = Aminocarb, 3 = Methiocarb, 4 = Carbaryl. 
 
 
Moreover, with no interfering peaks from the matrix (Figure 5-3), this fully-
automated technique demonstrated the viability for quantitative determination of 
carbamates in genuine environmental water samples. 
It can be anticipated, however, that more complex environmental aqueous 
matrices could conceivably pose problems if they were directly extracted without any 
filtration. The reasons for filtering the water samples in this work were to prevent any 
particles in the samples from clogging the syringe and to eliminate additional 
unknown factors in the extraction. The primary focus in this work was on the 
complete automation of the LPME procedure and its feasibility, and the latter has 






5.6. Concluding remarks 
A novel fully-automated dynamic in-syringe LPME method was developed for 
the convenient analysis of carbamate pesticides in water samples. With the use of a 
CTC CombiPAL autosampler and its Cycle Composer software, extraction, injection 
and derivatization, and GC-MS analysis could be carried out completely 
automatically. A conventional microsyringe was the only extraction apparatus 
required. This work also presented the use of OAD for the optimization of the 
method, and indeed it was the OAD that provided the impetus for implementing the 
automated approach since all the 16 experiments necessary for the optimization could 
be conducted consecutively and completely automatically. Moreover, in OAD, 
considerable amount of time was saved and key variables and interactions amongst 
extraction parameters could be identified easily (which would not be possible via a 
univariate approach which is currently normally employed in many microextraction 
studies). The automated in-syringe LPME procedure can be used with any number of 
OAD experiments. Additionally, it can also be applied in conjunction with other 
systematic experimental design optimization approaches that require multiple 
experiments to be conducted. 
With great convenience, and satisfactory analyte enrichment, sensitivity, and 
reproducibility, the developed method is suitable for genuine sample applications, and 
offers the potential of implementing a fully automatic onsite sample preparation-GC-
MS platform. During multiple extraction-GC-MS analytical runs, human intervention 
is completely eliminated. We believe this is the first implementation of such a 






Chapter 6. Application of fully-automated dynamic in-syringe LPME 
combined with in-situ derivatization to the determination of 
chlorophenols in water samples 
 
6.1. Preamble 
 In the study of EME of chlorophenols (Chapter 2), it was concluded that the 
developed method only showed a higher degree of selectivity towards PCP and 
comparative studies showed that LPME would be a better approach for a wider range 
of chlorophenols. Therefore the extraction and determination of chlorophenols are 
revisited in this chapter. The feasibility and application of the novel fully-automated 
dynamic in-syringe LPME technique (introduced in the previous chapter) is 
investigated for this purpose. The fully-automated LPME procedure, was similar to 
that described previously, where withdrawal of the extracting phase into the 
microsyringe, extraction, agitation and analysis (by GC-MS) entailing multiple 
consecutive experiments, were carried out using the CTC CombiPAL autosampler 
and its Cycle Composer software.  For chlorophenols to be detected by the GC-MS, 
derivatization was necessary. Hence, in-situ derivatization of the target analytes using 
MTBSTFA [15] was proposed. In this way, extraction and derivatization could take 
place simultaneously. Variables controlling the dynamic in-syringe LPME, such as 
the dwell time, number of sampling cycles and rate of plunger movement were 
optimized using OAD. The optimized conditions were then successfully applied to the 
analysis of chlorophenols in spiked sea water and tap water samples, fully 





6.2. Fully-automated dynamic in-syringe LPME with in-situ derivatization 
procedure 
All procedures of the dynamic in-syringe LPME, including rinsing of the 
syringe, withdrawal of extractant solvent, continuous withdrawal and dispensation of 
sample solution (dynamic in-syringe LPME), vial transfer, agitation and injection into 
the GC-MS system, were programmed using the Cycle Composer software and 
performed automatically with the CombiPAL autosampler. A 10 µL Hamilton GC 
microsyringe was used for the extraction and injection of the extracts into the GC-MS.  
The extraction of the analytes was carried out in 2.0 mL amber glass vials, 
with magnetic screw caps, containing 1.5mL of aqueous sample. The following 
describes the automated LPME procedure: First, after rinsing of the microsyringe, 
3µL of the organic acceptor phase (1:1 v/v hexane:toluene + 5 % MTBSTFA) [15] 
was withdrawn into it. The microsyringe was then moved to the sample vial by the 
autosampler, and 6 µL of the sample solution was withdrawn into the syringe barrel at 
a rate of 0.1 µL/s.  After a dwell (pause) time of 8 s, the sample solution was 
dispensed from the syringe barrel at a rate of 0.1 µL/s. Since the extraction operation 
itself could not be conducted simultaneously with sample agitation, after each 
withdrawal-dispensation step (sampling cycle), the sample solution was transferred to 
the agitator and agitated at 300 rpm for 20 s to maintain its homogeneity before the 
next sampling cycle. Such a sampling and agitation cycle was repeated 20 times for 
each of the 27 samples in the OAD exercise to optimize the extraction parameters and 
to investigate possible interactions of these parameters. Finally, with the derivatized 
analytes enriched in the extractant solvent in the syringe barrel, for each experiment, 
the microsyringe was conveyed to the GC injector port, where 1 µL of the extractant 
phase was injected directly into the GC-MS for analysis.  
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6.3. OAD optimization [16] 
 From previous reports [5,7,17-19], parameters affecting the extraction 
efficiency such as the dwell time, volume of extraction solvent, number of sampling 
cycles were investigated, however interactions between these parameters were yet to 
be studied in literature. Therefore in this study, three specific parameters which have 
been reported to have significant effect on the dynamic in-syringe LPME method, 
along with three interactions, were evaluated using a three-level OA27(313) matrix. 
The parameters were dwell time (A), number of sampling cycles (B) and rate of 
plunger movement (C), while the three interactions investigated were (A × B), (B × 
C) and (A × C).  
 Table 6-1 illustrates how the parameters and interactions are placed within the 
OA27(313) matrix. The dummy factors present were pooled and used for the 
calculation of the variance of error (Section 1.5). 
The responses (EFs) from the array were also calculated and tabulated in Table 
6-1. Data analysis was carried out according to the equations and methods for data 
analysis strategy employing ANOVA [16] and the results are tabulated in Table 6-2.  
The F-test results showed that all the three variables were all statistically 
significant at P < 0.001, and the analysis of PC % indicated that the most important 
variable was A (dwell time, 34.5 %). The other two variables were of similar 
importance, with B (sampling cycles) contributing 25.0 %, and variable C (rate of 
plunger movement) contributing 22.9 %. All the interactions, on the other hand, were 
comparatively of less importance. Moreover, the percentage contribution owing to 
error (unknown or uncontrolled factors), calculated from the dummy factors, was low 
(3.9 %). This also demonstrated that no important factors or interactions were 





Table 6-1. Assignment of factors and level settings in OA27 (313) matrix with 
experimental results 
                                                 
Trial 
no. 
Factors & interactions                   Response (EF) 
A (A×B)1 B (A×B)2 # #                 (B×C)1 (B×C)2 # # (A×C)1  C  (A×C)2   4CP 2,4-DCP 
2,4,6-
TCP PCP 
1 4 1 10 1 1 1 1 1 1 1 1 0.1 1     3 7 4 5 
2 4 1 10 1 2 2 2 2 2 2 2 0.5 2     3 9 4 2 
3 4 1 10 1 3 3 3 3 3 3 3 1.0 3     2 7 5 2 
4 4 2 15 2 1 1 1 2 2 2 3 1.0 3     4 10 7 7 
5 4 2 15 2 2 2 2 3 3 3 1 0.1 1     4 8 4 3 
6 4 2 15 2 3 3 3 1 1 1 2 0.5 2     3 9 4 2 
7 4 3 20 3 1 1 1 3 3 3 2 0.5 2     4 13 12 8 
8 4 3 20 3 2 2 2 1 1 1 3 1.0 3     3 9 11 20 
9 4 3 20 3 3 3 3 2 2 2 1 0.1 1     4 12 11 7 
10 8 1 15 3 1 2 3 1 2 3 1 0.5 3     5 15 14 25 
11 8 1 15 3 2 3 1 2 3 1 2 1.0 1     6 23 16 15 
12 8 1 15 3 3 1 2 3 1 2 3 0.1 2     4 11 10 6 
13 8 2 20 1 1 2 3 2 3 1 3 0.1 2     5 16 11 6 
 14 8 2 20 1 2 3 1 3 1 2 1 0.5 3     6 24 19 15 
15 8 2 20 1 3 1 2 1 2 3 2 1.0 1     6 22 20 18 
16 8 3 10 2 1 2 3 3 1 2 2 1.0 1     3 10 13 8 
17 8 3 10 2 2 3 1 1 2 3 3 0.1 2     3 7 7 6 
18 8 3 10 2 3 1 2 2 3 1 1 0.5 3     3 11 12 11 
19 12 1 20 2 1 3 2 1 3 2 1 1.0 2     6 23 15 11 
20 12 1 20 2 2 1 3 2 1 3 2 0.1 3     3 9 9 8 
21 12 1 20 2 3 2 1 3 2 1 3 0.5 1     4 15 16 15 
22 12 2 10 3 1 3 2 2 1 3 3 0.5 1     5 15 13 10 
23 12 2 10 3 2 1 3 3 2 1 1 1.0 2     3 12 12 11 
24 12 2 10 3 3 2 1 1 3 2 2 0.1 3     3 7 8 7 
25 12 3 15 1 1 3 2 3 2 1 2 0.1 3     3 11 9 6 
26 12 3 15 1 2 1 3 1 3 2 3 0.5 1     4 15 14 14 
27 12 3 15 1 3 2 1 2 1 3 1 1.0 2     4 17 16 16 
                    
r1 25 37 28 39 38 37 39 39 37 37 42 27 41      
r2 46 37 38 32 38 37 38 38 38 37 35 41 34      
r3 41 37 46 41 37 38 35 36 37 38 35 43 36       
A = dwell time (s); B = sampling cycles; C = rate of plunger movement (µL/s); # = dummy factors 
 
A × B = interaction between dwell time & sampling cycles; B × C = interaction between sampling 








  Table 6-2. ANOVA table for experimental responses in the OA27 (313) matrix 
Source SS d.f. MS F  SS' PC (%) 
  
Dwell Time (A) 2064 2 1032 251 ** 2056 34.5   
No. of Cycles (B) 1495 2 748 182 ** 1487 25.0  
Rate of plunger (C)  1372 2 686 167 ** 1364 22.9  
(AxB) 360 4 90 22 * 343 5.8  
(BxC) 142 4 36 9  126 2.1  
(AxC) 493 4 123 30 * 477 8.0  
Pooled Errors† 33 8 4   233 3.9  
Total 5959 26    5959 100.0  
   SS = sum of squares; d.f. = degrees of freedom; MS = mean squares; F = critical values;  
   SS' = purified sum of squares; PC = percentage contribution. 
   
 †
 Resulted from pooling of dummy variances in columns 5, 6, 9 and 10. 
   ** F(2,8) = 18.49 at P < 0.001; * F(4,8) = 14.93 at P < 0.001 
 
Based on the OAD experiments, the optimized extraction conditions were: 8 s 
dwell time, 20 sampling cycles and 1.0 µL/s for the rate of the plunger movement. 
The chromatograms in Figure 6-1 illustrate the enrichment achieved for all the 
analytes under the optimized conditions. 
 



















Figure 6-1. GC-MS-SIM chromatograms illustrating the enrichment achieved 
after optimization. (a) Analytes extracted and enriched from deionized water 
samples spiked with 200 µg/L of each analyte, (b) Standard mixture of analytes 
at 200 µg/L in acetone (direct injection of 1 µL, no extraction). Peaks: 1 = 4CP, 2 








   (a) 




6.4. Method performance 
The linearity, precision and LODs of the fully-automated dynamic in-syringe 
LPME combined with in-situ derivatization when applied to the determination of 
chlorophenols in water samples were evaluated. The results are shown in Table 6-3.  
 
   Table 6-3. Performance of fully-automated dynamic in-syringe LPME 
Analyte Linear range (µg/L) r
2
 EF RSD (%) (n=5) 
LOD (µg/L) 








4CP 0.5 - 500 0.994 4 4.5 0.056 n.a. n.a. 
24DCP 0.5 - 500 0.994 15 2.1 0.013 0.1 0.1 
246CP 0.5 - 500 0.997 33 2.6 0.006 0.1 0.08 
PCP 0.5 - 500 0.998 13 1.9 0.014 0.2 2.01 
*Since the data are obtained from different references, there are some inconsistencies in the 
reporting of significant figures.     
 
n.a.: not available. 
a In-situ (sample) derivatization using acetic acid anhydride and HF-LPME with GC-MS  
analysis [20]. 
b HF-LPME without derivatization and GC-MS analysis [21]. 
 
 
The calibration plots of the analytes also exhibited good linearity with r2 
values of 0.994 to 0.998. The precision of the method was determined by performing 
5 consecutive automated extractions from spiked aqueous sample. The RSDs of the 
analytical responses at a low concentration level (10 µg/L of each target analyte) were 
found to be between 1.9 and 4.5 %. The LODs, calculated at a S/N = 3, ranged 
between 0.006 and 0.056 µg/L. Compared to reported HF-LPME methods where the 
analytes were derivatized using acetic acid anhydride prior to extraction [20], or one 
that avoided derivatization for the analysis of chlorophenol using GC-MS [21], higher 
sensitivity was achieved in this study (Table 6-3). Moreover, the developed dynamic 
in-syringe LPME method has the advantage of having the derivatization procedure 
96 
 
incorporated into the automated extraction of the analytes, hence all procedures and 
consecutive runs could be carried out completely automatically.  
 
6.5. Real sample analysis 
Sea water and tap water samples were collected to test the applicability of the 
fully-automated technique. Before the samples were subjected to the fully-automated 
in-syringe extraction, filtration of the real samples was carried out using Millex-HN 
13mm filter units with 0.45 µm pore size from Millipore Corporation, to prevent any 
particles in the samples from clogging the microsyringe. 
As no target analytes were detected in these water samples (or they were 
below the LODs), each chlorophenol was spiked into the samples at 10 µg/L and 
extracted using the method developed. The relative recoveries were calculated to 
evaluate matrix effects. Results of relative recoveries and RSDs of 3 spiked water 
samples are shown in Table 6-4.  
 
       Table 6-4. Analysis of sea water and tap water spiked with 10 µg/L of each  
       analyte 
Analyte 









4CP 64 6.7   86 3.7 
24DCP 74 3.7  103 3.1 
246CP 81 2.6    97 1.1 
PCP 89 2.0  108 2.8 
 
 
High relative recoveries, with RSDs less than 3.7 %, were obtained with the 
tap water analysis. As for the sea water analysis, relative recoveries obtained were 
comparatively lower than that from the analysis of tap water, but excellent clean-up 
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was still demonstrated. It was concluded that the above results showed that the matrix 
had negligible effect on the automated dynamic in-syringe LPME method. Moreover, 
there were no interfering peaks from the matrix shown in Figure 6-2; similar results 
were obtained in the previous study (Section 5.4), where the same automated dynamic 
in-syringe LPME technique was also utilized. 
 












Figure 6-2. GC-MS-SIM chromatograms of real samples obtained from fully-
automated dynamic in-syringe LPME combined with in-situ derivatization. (a) 
Blank sea water sample, (b) Spiked sea water sample (spiked with 10 µg/L of 
each chlorophenol). Peaks: 1 = 4CP, 2 = 24DCP, 3 = 246TCP, 4 = PCP. 
 
 
6.6. Concluding remarks 
The fully-automated dynamic in-syringe LPME method was successfully 
applied to the analysis of chlorophenols in water samples, when combined with in-situ 
derivatization. Only a conventional microsyringe was needed for the extraction 
procedure. High sensitivity was achieved and the developed method can be used to 







   (b) 




matrix and high relative recoveries were obtained. This technique has certainly 
demonstrated the viability for quantitative determination of chlorophenols in real 
environmental water samples. Moreover, with the use of the CTC CombiPAL 
autosampler, this fully-automated technique will bring about great convenience when 
it comes to environmental monitoring work and numerous real samples can be 





Chapter 7. Fully-automated membrane-assisted LPME for 
simultaneous determination of nitroaromatic compounds and OCPs 
in environmental waters 
 
7.1. Preamble 
 In this study, a novel extraction device for fully-automated two-phase LPME 
was fabricated to address the shortcomings and inconvenience of previously reported 
automated LPME approaches as mentioned in Section 1.4. By using the new setup, 
there was no need for painstaking alignment of the device and automatic extractions 
could be carried out easily without causing any damage to the membrane by the 
syringe needle. The fully-automated membrane-assisted LPME process was 
programmed and enabled on the CombiPAL autosampler that was directly coupled to 
a GC-MS system. Therefore, at least 27 extractions and analysis could be carried out 
consecutively without any human intervention. The simultaneous extraction of two 
different classes of contaminants, nitroaromatic compounds and OCPs, in 
environmental water samples, was also considered for the first time. OADs were 
applied to optimize the conditions for the simultaneous extraction. 
 
7.2. Design for membrane-assisted LPME and full automation procedure  
 Figure 7-1 shows a photograph of a membrane sac (ca. 1.9 cm by 0.8 cm) and 
how it is fixed to the sample vial. Instead of the need to fashion a needle guide using a 
pipette tip and septa, a glass insert with top spring and a magnetic screw cap were 
used. Firstly, the lower portion of a glass insert with top spring was cut off with a 
glass cutter. A piece of polypropylene membrane sheet (from Membrana) was folded 
lengthwise and heat-sealed (using a plastic bag heat-sealing device) on the long open 
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side. The two corners of one of the remaining short open ends were then pinched to 
flatten out this end such that when it was sealed, an open, rather than a flattened 
membrane sac was obtained. This allowed easier handling of the membrane device 
when securing it to the cut-off insert, which served as the membrane support. The 
open end of the membrane sac was made such that it conformed to the outer diameter 
of the glass insert, so that it could be fitted tightly and conveniently onto the cut-end 




Figure 7-1. Schematic of extraction device and setup for fully-automated 
             membrane-assisted two-phase LPME. 
 
 
 The sacs were easy to fabricate; in this work, about 100 sacs were made and 
used. Parafilm (Menasha, WI, USA) was used to seal the connection between the 
glass insert and the membrane sac to ensure that no sample solution would enter the 
sac during strong agitation. The length from the top of the glass insert to the bottom of 
the membrane sac was kept at 2.6 cm throughout all experiments. The membrane-
glass insert assembly was placed into a sample vial filled with sample solution and 
sealed with a magnetic septum cap for automated LPME. This design does not require 
meticulous care in preparing the device, and the greater capacity of the membrane sac 
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allows sufficient space for most of the air bubbles to escape, without damaging the 
device, from the high speed introduction of the organic solvent from the needle. 
Moreover, the glass insert was reusable and only the membrane sac was replaced after 
a single use (to avoid carryover problems). 
 All the following steps, including rinsing of syringe, introduction of acceptor 
solvent into the membrane sac, vial transfer and agitation, withdrawal of acceptor 
solvent for injection into the GC injector, were performed automatically by the 
CombiPAL system and the Cycle Composer software. The software allowed the 
programming of the aforementioned operations conveniently. The extraction of 
analytes was performed in a 2.0 mL vial containing 1.3 mL of aqueous sample. After 
the membrane sac was filled with acceptor solvent, the vial was transferred to the 
agitator with a temperature controller and agitated at various speeds and temperatures 
for different periods of extraction time. Thereafter, 1 µL of the acceptor solvent was 
withdrawn into the syringe at 0.5 µL/min and rinsed thrice before a final withdrawal 
and injection into the GC injector port. This was to minimize the injection of air 
bubbles into the GC column.  
    
7.3. Results and discussion 
7.3.1. OAD optimization [16,22] 
 OADs were employed in the optimization process. This is because full 
automation is conducive to OAD, since an entire series of experiments (27-48 
consecutive experiments) can be performed sequentially and automatically. A mixed-
level Taguchi orthogonal design with an OA16 (41 × 212) matrix was first used to 
evaluate the effect of six main variables. They include the choice of extraction 
solvent, length of extraction time, temperature, agitation speed, volume of extraction 
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solvent used and the addition of salt. Additionally, three selected interactions were 
also investigated. Being a qualitative variable, the choice of extraction solvent was 
considered at a four-level setting, while the rest of the quantitative variables were set 
at two-level settings, as shown in Table 7-1. They were assigned according to the 
methodology that was described in detail by Lan et al [22]. In the absence of dummy 
factors, each of the sixteen experimental trials was repeated three times to estimate the 
error variance (Section 1.5). 
 The responses (EFs) and the mean responses for each factor at different levels 
(r1, r2, r3, r4) from the mixed-level array were calculated and tabulated in Table 7-2. 
From the mean value difference (d), it was shown that extraction solvent (A) was the 
most significant variable, followed by the volume of extraction solvent used (E) and 
the agitation speed (D). Interactions between extraction solvent and extraction time (A 
× B) and that between extraction solvent and temperature (A × C) were seemingly 
significant as well.  
 On the contrary, the effects from the length of extraction time (B), temperature 
(C) and the addition of salt (F) were negligible. The interaction between extraction 
time and temperature (B × C) was also comparatively of less importance. According 
to these initial findings, it was concluded that the important variables (A, D, E) and 
interactions (A × B and A × C) should be considered around their superiority level 
(level at which best response was achieved) for a more comprehensive optimization of 
the automated membrane-assisted LPME procedure. Moreover, an ANOVA 
calculation of the percentage contribution owing to error (unknown or uncontrolled 
factors) was low, at 0.25 %. This demonstrated that there was no important factors or 
interactions excluded in the initial array design, and therefore all other interactions 
between factors could be neglected in this present study. 
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In the next stage, the optimum levels for the main variables and important 
interactions were determined using a three-level OA27 (313) matrix. As shown in Table 
7-3, the variables were set at more exact levels according to the superiority levels 
attained in the first array. The variables were randomly assigned to the columns of the 
matrix, while interactions were assigned according to the triangular table associated 
with the OA27 (313) matrix [16]. As dummy factors were available for the 
measurement of error variance in this stage, repetition of the experimental trials was 
unnecessary. From the initial array, it was apparent that toluene (variable A) gave the 
best extraction results and could be used as the extraction solvent in the OA27 (313) 
array. However, the best three solvents from the first array were considered again for 
this array in order to study the interaction of A × B and A × C at more exact levels. 
 
Table 7-3. Assignment of factors and level settings for optimization of automated 
LPME experiments by OA27 (313) matrix 
Level     Column no.                       
 1 2 3 4 5 6 7 8 9 10 11 12 13 
  A (A×B)1 B (A×B)2 # # # C (A×C)1 (A×C)2 # D E 
1 Toluene  1 min     30°C    550 rpm 110 µL 
2 Isooctane  3 min     33°C    650 rpm 120 µL 
3 Hexane   5 min         36°C       750 rpm 130 µL 
A = extraction solvent (organic acceptor phase); B = extraction time; C = temperature;  
D = agitation speed; E = extraction volume; # = dummy factors  
 
A × B = interaction between extraction solvent and extraction time; A × C = interaction between 
extraction solvent and temperature 
  
 
 Experimental results of the three-level array are presented in Table 7-4. 
According to the equations and methods given [16], ANOVA was performed on the 
experimental data as shown in Table 7-5. The F-test results established that variables 
A, D, E and interactions A × B and A × C were all statistically significant at P < 
0.001, whereas variables B and C were only significant at P < 0.1.  
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 These results were further confirmed by the analysis of PC %. It can be seen 
that the most important variable is A (extraction solvent, 40.6 %) then, in order, E 
(volume of extraction solvent used, 16.3 %), A × B (interactions between extraction 
solvent and extraction time, 15.7 %), D (agitation speed, 11.7 %), and A × C 
(interaction between extraction solvent and temperature, 11.0 %). The percentage 
contributions due to B and C were insignificant at 0.9 % and 0.7 %  respectively.  
 
Table 7-4. OA27 (313) matrix with experimental results 
Trial 
no. 
  Factors & interactions                      Response 
(EF) A (A×B)1 B (A×B)2 # # # C (A×C)1 (A×C)2 # D E   
1 1 1 1 1 1 1 1 1 1 1 1 1 1  32 
2 1 1 1 1 2 2 2 2 2 2 2 2 2  59 
3 1 1 1 1 3 3 3 3 3 3 3 3 3  54 
4 1 2 2 2 1 1 1 2 2 2 3 3 3  69 
5 1 2 2 2 2 2 2 3 3 3 1 1 1  45 
6 1 2 2 2 3 3 3 1 1 1 2 2 2  57 
7 1 3 3 3 1 1 1 3 3 3 2 2 2  65 
8 1 3 3 3 2 2 2 1 1 1 3 3 3  61 
9 1 3 3 3 3 3 3 2 2 2 1 1 1  60 
10 2 1 2 3 1 2 3 1 2 3 1 2 3  58 
11 2 1 2 3 2 3 1 2 3 1 2 3 1  29 
12 2 1 2 3 3 1 2 3 1 2 3 1 2  34 
13 2 2 3 1 1 2 3 2 3 1 3 1 2  37 
14 2 2 3 1 2 3 1 3 1 2 1 2 3  60 
15 2 2 3 1 3 1 2 1 2 3 2 3 1  47 
16 2 3 1 2 1 2 3 3 1 2 2 3 1  51 
17 2 3 1 2 2 3 1 1 2 3 3 1 2  53 
18 2 3 1 2 3 1 2 2 3 1 1 2 3  66 
19 3 1 3 2 1 3 2 1 3 2 1 3 2  39 
20 3 1 3 2 2 1 3 2 1 3 2 1 3  32 
21 3 1 3 2 3 2 1 3 2 1 3 2 1  33 
22 3 2 1 3 1 3 2 2 1 3 3 2 1  32 
23 3 2 1 3 2 1 3 3 2 1 1 3 2  28 
24 3 2 1 3 3 2 1 1 3 2 2 1 3  45 
25 3 3 2 1 1 3 2 3 2 1 2 1 3  37 
26 3 3 2 1 2 1 3 1 3 2 3 2 1  42 
27 3 3 2 1 3 2 1 2 1 3 1 3 2  36 
                
r1 56 41 47 45 47 46 47 48 44 42 47 42 41   
r2 49 47 45 50 46 47 47 47 49 51 47 53 45   
r3 36 53 48 46 48 47 47 45 47 47 46 46 54    
Significant variables and interactions are highlighted in yellow. 
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    Table 7-5. ANOVA table for experimental responses in the OA27 (313) matrix 
Source SS d.f. MS F SS' PC (%) 
Extraction solvent (A) 1768 2 884 170 *** 1758 40.6 
Extraction time (B) 48 2 24 5 * 38 0.9 
Temperature (C)  40 2 20 4 * 29 0.7 
Agitation speed (D) 517 2 258 50 *** 506 11.7 
Extraction volume (E) 719 2 359 69 *** 708 16.3 
(A x B)  703 4 176 34 ** 682 15.7 
(A x C)  496 4 124 24 ** 475 11.0 
Pooled errors†  42 8 5   135 3.1 
Total  4332 26    4332 100.0 
SS = sum of squares; d.f. = degrees of freedom; MS = mean squares; F = critical values;  
SS' = purified sum of squares; PC = percentage contribution. 
 †
 Resulted from pooling of dummy variances in columns 5, 6, 7 and 11. 
 *** F(2,8) = 18.49 at P < 0.001; ** F(4,8) = 14.93 at P < 0.001; * F(2,8) = 3.11 at P < 0.1 
 
 
 It was observed that the importance of the variables and interactions obtained 
above was in good agreement with the results from the first array. An acceptably low 
contribution from error (3.1 %) was attained as well.  
 Based on the results obtained, the choice of extraction solvent, agitation speed 
and volume of extraction solvent were finalized and their mean values of EF at 
different levels (in Table 7-4) were also used to study the dependence of EF on the 
levels, shown in Figure 7-2 (see Section 7.3.2 to 7.3.4). The optimum levels of the 
length of extraction time and extraction temperature were located by evaluating three-
by-three tables as described in Section 7.3.5. 
 
7.3.2. Choice of extraction solvent 
 In two-phase HF-LPME, the choice of extraction solvent is important, yet 
limited, due to several criteria to be met (Section 1.1.1). In order to achieve 
satisfactory analyte enrichment, the organic solvent has to be compatible with the 
membrane material so as to fill the pores of the membrane, and to form an effective 
interface for extraction. Moreover, the boiling points of the organic solvents have to 
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be considered. Toluene gave the best analyte enrichment (Figure 7-2). This result was 
consistent with previous reports involving the similar classes of analytes [23,24]. 
 
 
Figure 7-2. The effect of extraction solvent (A), agitation speed (D) and volume of 
extraction solvent used (E) on fully-automated membrane-assisted LPME. Levels 
1, 2, 3 of (A) are: toluene, isooctane, hexane respectively; levels 1, 2, 3 of (D) are: 
550, 650, 750 rpm respectively; and levels 1, 2, 3 of (E) are: 110, 120, 130 µL 
respectively. Optimization study was conducted at a concentration level of 0.05 
mg/L for each nitroaromatic compound and 2 mg/L for each OCP. 
 
7.3.3. Influence of agitation speed 
 Agitation allows a continuous and fresh supply of donor solution to interact 
with the acceptor phase over time. High EFs are usually obtained at high agitation 
speed [25], which was also observed in the initial experiments. From Figure 7-2, 
enrichments of the analytes increased when agitation was increased from 550 rpm to 
650 rpm, but decreased slightly when agitation speed was set at 750 rpm. This is 
probably due to the production of a small amount of air bubbles on the surface of the 
membrane sacs at high stirring speed and this interfered with the extraction efficiency 
of the method [24]. As such, the optimum agitation speed was set at 650 rpm. 
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7.3.4. Influence of extraction volume 
 It was found that higher volume of acceptor phase provided better analyte 
responses. However, it is of concern to minimize the use of the organic phase so as to 
prevent spillage from the membrane sac and secondly, to prevent dilution of the 
analytes after extraction. Best results were obtained when 130 µL of organic acceptor 
phase was used. This may be related to the need for the organic solvent to be 
completely impregnated into the pores of the membrane sac. Therefore by using 
sufficient amount of organic phase, the pores were filled, forming an effective 
interface which is important for proper extraction of the analytes from the aqueous 
sample. 
 
7.3.5. Investigation of interactions between factors  
 From the analysis of the mixed-level OA16 (41 × 212) and three-level OA27 (313) 
arrays, interactions A × B and A × C were statistically significant, as discussed in 
detail previously. In this case, both interactions contain non-significant variables (B 
and C). Therefore the optimum level for these non-significant factors must be decided 
based on their interactions. This can be evaluated by considering a three-by-three 
table for each interaction, which had been described in detail for similar situation [3]. 
The computed results for A × B and A × C interactions were listed in Tables 7-6 and 
7-7 respectively.  
 From Table 7-6, the combination of A1 (toluene) and B3 (5 min) provided 
maximum EFs for all analytes. The data also shows that EFs improved as extractions 
were being carried out over time (1-5 min), which is in good agreement with most 
reported LPME experiments.  From the initial array, it can be seen that extraction at 
longer duration (10 min) did not provide higher EF. This was because the analytes 
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had attained a state of equilibrium as observed in most LPME procedures [24,26]. 
Based on these results, a short exposure time of 5 min was chosen as the optimum 
time for extraction. 
 
   Table 7-6. Three-by-three table for the analysis of A × B interaction 
 
 Extraction solvent  
Extraction time  A1 A2 A3 
B1  48 57 35 
B2  57 40 39 
B3  62 48 35 
 
  
   Table 7-7. Three-by-three table for the analysis of A × C interaction 
  Extraction solvent  
Extraction 
temperature  A1 A2 A3 
C1  50 53 42 
C2  63 44 34 
C3  55 49 33 
 
 
 The combination of A1 (toluene) and C2 (33°C) gave the best EF according to 
Table 7-7. Generally, the amount of analytes extracted increase with increasing 
temperature. However, in this study, extractions conducted at higher temperatures 
(60°C from first array, and 36°C from second array) produced poorer EFs. Heating 
could cause the swelling of the membrane sacs, followed by leakage of the acceptor 
phase [27,28]. The loss of solvent during extraction at elevated temperatures thus 
resulted in lower EFs. 
 As such, fully-automated membrane-assisted two-phase LPME was conducted  
with 130 µL of toluene  as  the organic acceptor phase, and was agitated at 650 rpm at  
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33°C for 5 min to achieve optimal extraction efficiency. 
 
7.4. Method performance and application to real samples 
 Under the optimized conditions, the performance of this method was 
investigated and the results are shown in Table 7-8. The analytes exhibited good 
linearity with excellent r2 values of 0.995 to 0.998. The LODs calculated at a S/N 
ratio of 3, ranged between 0.002 and 0.1 µg/L. Furthermore, the precision of the 
method was determined by performing six consecutive extractions from an aqueous 
solution. The RSDs of the analytes’ responses at low concentration level (i.e. 0.05 
µg/L of NB, 2NT, 3NT; 0.5 µg/L of HCB, HTC, DD and ED) were found to be no 
more than 6.3 %. The EFs attained at these low concentrations of the analytes ranged 
from 6 to a maximum of 9.  
 
    Table 7-8. Performance of fully-automated membrane-assisted LPME 





RSD (%)  
(n=6) EF 
NB 0.005 - 50 0.997 0.003 3.5 9 
2NT 0.005 - 50 0.997 0.003 3.3 9 
3NT 0.005 - 50 0.998 0.002 5.0 9 
HCB 0.2 - 2000 0.996 0.07 3.0 9 
HTC 0.2 - 2000 0.995 0.1 6.3 6 
DD 0.2 - 2000 0.997 0.06 3.3 8 
ED 0.2 - 2000 0.995 0.07 5.6 9 
 
 
 To evaluate the applicability of the proposed design for automated extraction 
of a real environmental aqueous matrix, drain water samples from a residential area 
were collected. The samples were not expected to contain any of the analytes 
considered in this study. This was confirmed by automated membrane-assisted LPME 
under the optimized conditions (Figure 7-3a).  
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 The samples were then spiked with NB, 2NT and 3NT (to give a final 
concentration of 0.05 µg/L each), and HCB, HTC, DD and ED (a final concentration 








Figure 7-3. GC-MS-SIM chromatograms of real drain water samples 
obtained from fully-automated membrane-assisted LPME. (a) Blank sample, 
(b) Sample spiked with 0.05 µg/L of NB, 2NT and 3NT, and 0.5 µg/L of HCB, 
HTC, DD and ED. Peaks: 1 = NB, 2 = 2NT, 3 = 3NT, 4 = HCB, 5 = HTC, 6 = 
DD, 7 = ED.  
 

















after fully-automated membrane-assisted two-phase LPME showed that there were no 
major interferences from the sample matrix affecting the analysis, indicating that the 
membrane, as in conventional HF-LPME, offered effective protection for the 
extractant.  
Their relative recoveries (defined as the ratio of the concentration of analytes 
from spiked real sample extracts to that from spiked ultrapure water extracts) were 
also calculated to evaluate matrix effects.  
 
      Table 7-9. Analysis of drain water samples spiked with 0.05 µg/L of each  







Recovery (%) EF 
RSD (%)  
(n=3) EF 
RSD (%)  
(n=3) 
NB 93 8 1.1 6 8.2 
2NT 95 8 2.6 6 6.5 
3NT 96 9 1.6 6 4.9 
HCB 93 8 0.5 6 5.6 
HTC 99 6 1.4 5 6.1 
DD 83 6 0.8 5 6.9 
ED 102 9 1.3 7 8.5 
 
 
Results of relative recoveries and RSDs of spiked drain water samples are 
shown in Table 7-9. The data demonstrated very high relative recoveries, with RSDs 
of 2.6 % or less. These results showed that the matrix had negligible effect on the 
membrane-assisted LPME. 
 
7.5. Comparison between fully-automated and manual membrane-assisted 
LPME 
 Table 7-9 also compares  the  EFs  and  RSDs  obtained from extractions using  
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the proposed automated LPME and from manual extractions. The manual extractions 
were carried out with similar extraction devices and conditions used in the automated 
extractions to permit direct comparison between the automated and non-automated 
methods. Toluene was manually added to the hollow fiber membrane sac and a 
magnetic stir bar was placed in the sample vial for stirring on a magnetic stirrer (at 
650 rpm). The extraction temperature was controlled by placing the vial in a water 
bath (33°C) and after 5 min of extraction time, 1 µL of the acceptor solvent was 
manually injected into the GC-MS.  
 Superior RSDs were achieved with the fully-automated procedure. Human 
error was greatly reduced during the addition of toluene into the sacs and the injection 
of acceptor phase into the GC, thus increasing the precision and repeatability of the 
method. Moreover, the manual extraction process was more susceptible to 
temperature changes as proper temperature control was harder to attain using a water 
bath. This probably contributed to the higher RSDs in the manual extractions, as 
shown in Table 7-9; the EFs were also marginally lower. 
 
7.6. Concluding remarks 
 A novel extraction device for automated LPME was fabricated in this work to 
address the shortcomings and inconvenience of previously reported automated LPME 
approaches. By using the new setup, there is no need for painstaking alignment of the 
device and automatic extractions could be carried out easily without causing any 
damage to the membrane by the syringe needle. Most importantly, this is the first two-
phase membrane-assisted LPME system that allows full automation across multiple 
experiments (i.e. 27-48 experiments were conducted consecutively). OAD was 
employed to optimize the automated LPME procedure since the full automation is 
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conducive to OAD. Through this approach, considerable amount of time was saved 
and interactions among the main variables could be considered (which was not 
possible in a univariate optimization approach). Furthermore, OAD enabled the 
identification of key variables and interactions, whereas the less important ones could 
be disregarded. Moreover, the glass inserts are reusable and only the membrane sacs 
need to be replaced after extraction. This prevents carryover effects and is certainly 
more convenient. In this study, both nitroaromatic compounds and OCPs were 
successfully extracted in a single extraction.  
 Satisfactorily low LODs from 0.002 to 0.1 µg/L and excellent reproducibility, 
attributable to the automation, were obtained. The enrichment factors of the analytes 
at low concentrations ranged from 6 to 9, which, in this preliminary work, are 
satisfactory, but, it is believed, can be further improved. The feasibility of the method 
to extract the target analytes selectively was demonstrated successfully for spiked real 
drain water samples, with relative recoveries ranging between 83 % and 102 %. This 
shows that the developed method is suitable for real sample applications, in which the 
sample matrices have negligible influence on its extraction efficiency. This fully-
automated membrane-assisted LPME approach demonstrated the feasibility of an 






Chapter 8. Development of fully-automated membrane-assisted 
LPME: further enhancement in enrichment and LODs 
 
8.1. Preamble 
 In this chapter, the development of fully-automated two-phase membrane-
assisted LPME for further enhancement in enrichment as well as LODs was 
discussed. The experimental setup was modified from the previous study (Chapter 7), 
where the amount of polypropylene hollow fiber membrane material and volume of 
organic acceptor solvent used were reduced. The progression made in designing the 
membrane sac was discussed to demonstrate the factors critical to the automation 
process. The new design has the advantage of using only general laboratory 
consumables and hence the extraction assembly could be conveniently and 
inexpensively prepared. Furthermore, the various advantages from the previous work 
were retained. A similar fully-automated membrane-assisted LPME process was 
applied, such that extractions and analysis could be conducted sequentially and 
consecutively, without any human intervention. The improved fully-automated two-
phase LPME method was also successfully applied to the analysis of drain water 
samples. 
  
8.2. Modifications to fully-automated membrane-assisted LPME  
8.2.1. New assembly for membrane-assisted LPME  
 A new extraction assembly was further developed for the full automation of 
membrane-assisted two-phase LPME (Figure 8-1). A cone-shaped membrane sac was 
fabricated from a piece of polypropylene membrane sheet shown in Figure 8-2. A 





Figure 8-1. New extraction assembly for fully-automated  






Figure 8-2. Schematic of membrane sac fabrication. 
 
 
It was heat-sealed on one side and the excess membrane material was trimmed 
off from the top to form a 0.7 cm (base) by 1.6 cm (height) membrane sac. When the 
device was opened up, a cone-shaped sac was formed.   
A 0.8 cm portion of a universal 1000 µL blue pipette tip was used as the 
needle guide. It was formed by cutting off 5.6 cm of its upper end and 1.4 cm of its 
tip. A holder was made to secure the membrane sac in the sample vial. It was made 
from a polyethylene Pasteur pipette, where 2.8 cm of its tip was cut and perforated 
with a thick needle to allow sample solution to come into contact with the membrane 
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sac. A bottom spring from a 250 µL glass insert was attached to the end of the holder 
for easy fixation of the holder in the sample vial and to maintain its position when 
strong agitation was applied.  
The outer diameter of the needle guide was chosen to fit the inner diameter of 
the plastic holder, so that the top portion of the membrane sac is securely crimped 
between the holder and the needle guide. After the membrane sac assembly was 
placed into a 2.0 mL sample vial filled with 1.5 mL of sample solution, the vial was 
sealed with a magnetic screw cap for automated LPME.  
 
8.2.2 Full automation procedure 
 Similarly, all the following steps, including rinsing of syringe, introduction of 
acceptor solvent into the membrane sac, vial transfer and agitation, withdrawal of 
acceptor solvent for injection into the GC injector, were performed automatically by 
the CTC Analytics CombiPAL autosampler with its associated Cycle Composer 
software.  
 In the final design for the fully-automated membrane-assisted two-phase 
LPME, the software was programmed to first impregnate the pores of the membrane 
sac by first introducing 27 µL of toluene into the sac. When the solvent was bounded 
by capillary forces to the polypropylene membrane, the sac was filled with another 18 
µL of the acceptor solvent (toluene). The vial was then transferred to the agitator with 
a temperature controller, which was set at 33°C. After a 5 min agitation at 650 rpm, 1 
µL of the acceptor solvent was withdrawn into the syringe at 0.5 µL/min and rinsed 
thrice before a final withdrawal and injection into the GC injector port. This was to 
minimize chances of injecting air bubbles into the GC column.  
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8.3. Results and discussion 
8.3.1. EF determination and further improvement 
 Despite the promising results from the previous study (Chapter 7), it was 
essential to take a step further into improving the automated system for two-phase 
membrane-assisted LPME. This was because the enrichment factors (EFs) achievable 
in the previous study were limited by the ratio of the volume of the sample to the 
volume of the acceptor phase.  
 As discussed in Section 1.1.1, enrichment of each analyte can be calculated 
according to equation (2): 
  EF =  
1 
(Va / Vs) + (1 / K) 
 
High EF is obtained when the ratio (Va / Vs) is small and K is considerably 
large. From the extensive optimization experiments for the two-phase LPME of the 
nitroaromatic compounds and OCPs in Chapter 7, the extraction conditions were 
concluded at their optimum level to allow the high distribution of the analytes into the 
acceptor phase. Therefore according to equation (2), when K is large, analytes could 
be enriched up to a maximum factor that is estimated by the ratio of (Vs / Va). In the 
previous automated membrane-assisted LPME design, the volume of sample solution 
(Vs) was 1300 µL and the volume of the acceptor solvent (Va) was 130 µL, hence the 
maximum EF possible was only 10.   
Although efficient enrichment of the analytes was achieved (EF ranged from 6 
to 9) in the previous experiments, it was of interest for further enhancement in the EFs 




To do so, key parameters like K, Vs and Va have to be considered. K is 
determined mainly by the chemistry between the organic acceptor solvent and the 
analytes, and from Chapter 7, the optimized choice of acceptor solvent was toluene. 
Therefore, the focus in this study was to decrease the ratio of (Va / Vs). Further 
experiments involving changes made to the volumes of sample solution and acceptor 
solvent were conducted. The amount of membrane material used to fabricate the 
membrane sac was also altered.  
 
8.3.2. Experiments with new design for membrane-assisted two-phase LPME 
assembly 
 On the basis of the considerations discussed earlier, reduction in the volume of 
acceptor solvent used was of primary concern. The relatively large volume of the 
acceptor solvent (130 µL) used in the previous design was attributed to the need for 
the organic solvent to completely impregnated the pores of the membrane sac to form 
an effective interface between the sample and acceptor phase. As such, attempts were 
made to reduce the membrane material used so that a lower volume of toluene was 
required to fill the pores of the membrane wall.  
 In the first experiment, extraction was performed using a coned-shaped 
membrane sac. By designing a cone-shaped membrane sac, the area of membrane 
sheet required was reduced by 1.5 times and the capacity of the membrane sac was 
reduced by 3 times. A minimum of 55 µL of toluene was required for effective 
extraction of the analytes. In this way, a maximum EF of 24 was achievable. 
However, it was observed that after 5 min of extraction, loss of toluene to the 
headspace in the sample vial occurred over time and this resulted in poor 
reproducibility. Observation showed that with a lower amount of solvent used, the 
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loss of organic phase to the headspace became more significant. Moreover, it was 
observed that on some occasions, the tapered end of the cone-shaped sac did not 
maintain its position in the vial after extraction and this resulted in perforation of the 
sac.  
 To overcome the shortcomings encountered, the headspace volume present in 
the vial was reduced by using a larger sample volume and a holder for the membrane 
sac was made. A sample volume of 1500 µL was used and the reduction in headspace 
effectively suppressed the loss of toluene present in the membrane sac. High 
reproducibility ranging from 1.9 to 8.6 % was obtained. This showed that the loss of 
toluene into the headspace had caused significant effect on the proper extraction 
process. 
 The holder designed was fabricated using a polyethylene Pasteur pipette and a 
bottom spring from a glass insert of a sample vial (Figure 8-1). With the holder 
introduced, the tapered end of the membrane sac was maintained in a vertical position 
throughout the experiment despite strong agitation. Furthermore, cut portions of 
universal blue pipette tips were used as needle guides instead to facilitate the fixation 
of the sacs in the assembly. This is because the top portion of the membrane sac could 
be securely crimped between the holder and the needle guide. Parafilm was therefore 
no longer needed to seal the connecting parts between the needle guide and the 
membrane sac.  
 Subsequent experiments were carried out to further decrease the size of the 
membrane sac and a 0.45 cm (diameter) by 1.6 cm (height) cone-shaped membrane 
sac was finalized. The amount of membrane material used was greatly reduced and 
only a minimum of 45 µL toluene was required. This assembly has the advantage of 
allowing better enrichment of the analytes and most importantly, all experimental 
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trials could be performed sequentially without any human intervention. In addition, 
the idea of introducing a holder and a tapered needle guide provided good 
stabilization of the small membrane sac during the entire extraction. The holders and 
needle guides were reusable as no carryover effects were observed in further 
experiments. The membrane-assisted LPME assembly was easy to prepare, 
convenient and inexpensive, and utilized simple laboratory consumables. 
  
8.3.3.  Influence of extraction volume 
Based on the previous optimization results, the volume of acceptor phase was 
found to be an independent variable in fully-automated membrane assisted LPME. 
Therefore in this study, the volume of acceptor phase was optimized via an univariate 
approach for the new design. Different volumes of toluene varying from 45 to 55 µL 
were investigated to determine the optimum acceptor volume required. Best results 
were obtained when 45 µL of toluene was used (Figure 8-3).  
 
 
Figure 8-3. Influence of extraction volume of organic solvent on fully-automated 
membrane-assisted two-phase LPME. Extraction conditions: toluene as acceptor 




This was possibly due to the dilution of the final concentrations of the analytes 
in the acceptor phase when larger volume of toluene was used [30]. With the optimum 
acceptor volume established, enrichment of the analytes up to a factor of 33 was 
expected.  
 
8.4. Evaluation of proposed method and comparison to previous design 
 Evaluation of the method’s linearity, sensitivity and precision was carried out 
under the optimized conditions and the results are shown in Table 8-1. The analytes 
exhibited good linearity with excellent r2 values of between 0.982 and 0.999. The 
precision of the method was determined using aqueous samples spiked with 0.01 µg/L 
of each nitroaromatic compound and 0.2 µg/L of each OCP. The RSDs obtained were 
between 0.2 and 7.1 %. 
 
        Table 8-1. Performance of improved fully-automated membrane-assisted  
        two-phase LPME 
Analyte Linear range  (µg/L) r
2
 








NB 0.0001 - 50 0.997 7.1 27 9 0.00009 0.003 
2NT 0.0001 - 50 0.998 3.4 27 9 0.00003 0.003 
3NT 0.0001 - 50 0.998 4.7 31 9 0.00007 0.002 
HCB 0.002 - 2000 0.987 0.2 28 9 0.004 0.3 
HTC 0.002 - 2000 0.982 5.7 28 6 0.005 0.1 
DD 0.002 - 2000 0.999 1.4 25 8 0.002 0.06 
ED 0.002 - 2000 0.985 5.2 32 9 0.002 0.07 
             a Results from improved design for fully-automated membrane-assisted LPME. 





 Compared to the previous design for automated membrane-assisted LPME, 
this new extraction assembly allowed 3-4 times higher enrichment of the analytes 
(Table 8-1). The LODs achieved were also two orders of magnitude lower for most of 
the analytes. The LODs were found to be in the range of 0.03-2 ng/L. This indicated 
that it is possible to analyze these analytes in the part per trillion ranges via a fully-
automated fashion, for the first time. 
 
8.5. Drain water analysis 
Unprocessed drain water samples were collected from a residential area and 
extracted under the optimized conditions, using the improved fully-automated 




Figure 8-4. GC-MS-SIM chromatograms of drain water samples obtained after 
fully-automated membrane-assisted two-phase LPME. (a) Unspiked sample (b) 
Sample spiked with 0.01 µg/L of each nitroaromatic compound and 0.2 µg/L of 
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To assess sample matrix effects, the samples were spiked with 0.01 µg/L of 
each nitroaromatic compound and 0.2 µg/L of each OCP. Triplicate analysis were 
carried out with the drain water samples and their relative recoveries (defined as the 
ratio of the concentration of analytes from spiked real sample extracts to that from 
spiked ultrapure water extracts) were calculated. Figure 8-4b shows a chromatogram 
of the spiked drain water samples after fully-automated membrane-assisted two-phase 
LPME. There was no major interference from the matrix. 
 
               Table 8-2. Analysis of drain water samples spiked with 0.01 µg/L  
               of each nitroaromatic compound and 0.2 µg/L of each OCP 
Analyte Relative Recovery (%) RSD (%)  (n=3) 
NB 98 2.8 
2NT 90 1.6 
3NT 104 1.3 
HCB 99 1.5 
HTC 90 0.9 
DD 92 1.3 
ED 93 0.5 
 
 
Relative recoveries ranged from 90 to 104 % with RSD values between 0.5 
and 2.8 % (Table 8-2). These results further demonstrated that the new design of 
fully-automated membrane-assisted LPME system is suitable for analyzing trace 
amounts of nitroaromatic compounds and OCPs in drain water samples.  
Chromatograms of spiked drain water samples that were extracted with the 
initial and new membrane-assisted systems are shown in Figures 8-5a and 8-5b 
respectively. This comparison of EF was done with drain water samples spiked at 
0.05 µg/L of each nitroaromatic compound and 0.5 µg/L of each OCP. This illustrates 
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that EF enhancement was effectively achieved in the present study and very good 
sample cleanup was accomplished. 
 
 
Figure 8-5. GC-MS-SIM chromatograms illustrating the EF enhancement 
achieved in the present study when analyzing spiked drain water samples. (a) 
Analytes extracted with the initial extraction system (Chapter 7), (b) Analytes 
extracted with the improved extraction assembly. Drain water samples were 
spiked at 0.05 µg/L of each nitroaromatic compound and 0.5 µg/L of each OCP. 
Peaks: 1 = NB, 2 = 2NT, 3 = 3NT, 4 = HCB, 5 = HTC, 6 = DD, 7 = ED. 
 
  
8.6. Concluding remarks 
 A novel extraction device for fully-automated LPME was successfully 
designed to enable better enrichment and lower detection limits. Good results in EFs 
and LODs were achieved. The improvements made in this study have allowed 
multiple and consecutive two-phase LPME and analysis to be conducted in a fully-
automated fashion, with the possibility of achieving high enrichment and low LODs 
at the same time. 
 During the experimentation with the LPME assembly, it was realized that 
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extraction process. This was especially significant when small volumes of the volatile 
organic solvent were used. Therefore it was important to minimize the headspace 
volume. With the simplicity of the new setup, sample preparation could be carried out 
easily and extractions could be performed conveniently using the CombiPAL 
autosampler. Advantages of this method include the reusability of the needle guides 
and holder, while only the membrane sacs need to be replaced after a single extraction 
to prevent carryover effect. 
 Excellent reproducibility, attributable to the automation, was also obtained. 
The feasibility of the method to extract the target analytes selectively was 
demonstrated successfully for spiked drain water samples, with relative recoveries 
ranging between 90 % and 104 %. This shows that the developed method is suitable 
for real sample applications, in which the sample matrices have negligible influence 
on its extraction efficiency. This fully-automated membrane-assisted LPME approach 
demonstrated the feasibility of an onsite sample preparation-GC-MS system that 
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Conclusion and future work 
 
 Results obtained from this work clearly demonstrated that effective, 
convenient and fast miniaturized sample preparation techniques could be achieved by 
combining various LPME methods with the specially designed and in-house 
fabricated membrane devices, and automation.  
 With EME, extraction and enrichment of analytes were achieved in less than 
20 min. The voltage required for the extraction of PCP was only 10 V, which allows 
the use of a common dry cell battery for potential field applications. The investigation 
on the EME of chlorophenols showed that the proposed technique exhibits particular 
selectivity towards PCP, which is the most non-polar compound amongst the 
chlorophenols considered. This revealed that relatively higher molecular weight and 
more hydrophobic compounds are more amenable to be isolated via this 
electrokinetic-based technique.  
 The challenging task of simultaneously extracting a wider range of analytes in 
a single run was also successfully demonstrated in two studies involving EME. From 
the simultaneous EME of acidic NSAIDs and basic β-blockers from a particular 
sample, results showed that the LODs obtained were either equivalent or much lower 
when compared with reported LPME and SPME procedures, which could only handle 
these two classes of analytes separately, not simultaneously. In another study, the 
combination of LPME and EME, performed in a specially-designed three-
compartment membrane envelope, was successfully applied to extract three different 
classes of analytes (i.e. acidic, basic and neutral) simultaneously. The polymeric 
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membrane envelope allowed good sample cleanup and the technique also provided 
high enrichment and reduced extraction time. 
The results obtained in the EME studies provided a good understanding of the 
advantage of achieving high extraction efficiencies within minutes. There are several 
suggestions to develop the work further. For example, from the results in Chapters 3 
and 4, future research is needed for better basic understanding of the electrokinetic 
extraction of analytes across a SLM, which will involve the description and 
verification of a theoretical model for the extraction process.  
Another possible area is addressing the feasibility of extracting neutral 
analytes by using EME with the help of surfactants or micelles, so that high 
enrichment of neutral analtyes could be achieved within a short period of time. 
It is also of interest to extend the EME work to fully on-site field applications, 
with the use of common dry cell batteries or a portable power supply, and a field-
portable GC-MS system. 
 
 In the automation studies of in-syringe dynamic LPME and two-phase LPME, 
human intervention was completely eliminated during the multiple extraction-GC-MS 
analytical runs. The great convenience, and satisfactory analyte enrichment, 
sensitivity, and high reproducibility of the developed automated methodologies offer 
the potential of implementing a fully automatic onsite sample preparation-GC-MS 
platform for real sample applications. 
 It was, however, anticipated that more complex environmental aqueous 
matrices could conceivably pose problems when employing the fully-automated in-
syringe dynamic LPME technique if analytes were directly extracted without any 
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sample filtration. Nevertheless, analysis from canal water and sea water samples 
clearly demonstrated that matrix interference was of no issue during these studies.  
 The development of fully-automated two-phase membrane-assisted LPME 
provides a novel dimension on sample preparation techniques. It allows conventional 
two-phase HF-LPME to be conveniently performed on an automated system and 
presents the feasibility of using this technique for environmental monitoring work. 
Detailed studies were carried out to identify and optimize the factors critical to the 
automation process. Nitroaromatic compounds and OCPs were extracted concurrently 
using the new extraction assembly and the LODs achieved were found to be in the 
range of 0.03-2 ng/L. This indicated that analysis of these analytes in the part per 
trillion ranges was possible. 
 In the work on automation, OADs were applied to facilitate the optimization 
of the extraction conditions. With the use of OADs, conditions for satisfactory 
separations were achieved with the least number of experiments and interactions 
between variables could be considered and evaluated. Since an OAD procedure 
required multiple experiments, it provided the perfect opportunity in this work to 
demonstrate the automation of the extraction-GC-MS analysis sequence over many 
cycles, without any operator intervention. 
 Furthermore, the developed automated approaches in this work can also be 
used for other systematic optimization methods that usually require multiple 
experiments to be conducted at one sitting, in order to obtain the most favourable 
conditions for sample preparation and analysis. 
 From the automation studies of in-syringe dynamic LPME and two-phase 
LPME, there are many possibilities for the extension of this work to other 
microextraction techniques. While the developed fully-automated techniques in this 
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dissertation focused on in-syringe dynamic LPME and two-phase LPME, there is 
great potential in developing other fully-automated microextraction techniques like 
fully-automated three-phase LPME coupled to liquid chromatography-mass 
spectrometry, and fully-automated DLLME. 
The consideration of more complex matrixes will be an important part of 
future development of these approaches. 
Additionally, ionic liquids could be used as extractants for in-syringe dynamic 
LPME to allow greater selectivity for the target analytes, due to their tunable nature. 
Lastly, further improvement in phase ratio for the two-phase LPME would be 





Appendix A. Experimental (Part 2) 
 
A.1. Reagents and standard solutions 
A.1.1. Solvents and chemicals 
HPLC-grade methanol, acetonitrile, 1-hexane and dichloromethane (DCM) 
were bought from Tedia Company (Fairfield, OH, USA). Methyl ethyl ketone (MEK), 
1-butanol, 1-hexanol, hydrochloric acid (HCl), derivatization agent 
bis(trimethylsilyl)tri-fluoroacetamide (BSTFA), sodium dihydrogen-phosphate 
monohydrate and 1-octanol were purchased from Merck (Darmstadt, Germany). 1-
octanol was also from Riedel-De Haen AG (Seelze-Hannover, Germany). Ethyl 
acetate was purchased from Riedel-De Haen AG as well. Sodium hydroxide (NaOH) 
was bought from Chemicon (Temecula, CA, USA) and Merck. Benzyl alcohol was 
obtained from Alfa Aesar (Karlsruhe, Germany) while toluene was from Fisher 
Scientific (Loughborough, UK). Phosphoric acid was purchased from Carlo Erba 
(Milan, Italy). Sodium chloride (NaCl) was from Goodrich Chemical Enterprise 
(Singapore). NPOE and cetyl trimethyl ammonium bromide (CTAB) were obtained 
from Sigma-Aldrich (Milwaukee, WI, USA). Ultrapure water was prepared on a 
Nanopure water purification system (Barnstead, Dubuque, IA, USA).  
1.0 M phosphate buffer solutions were prepared at pH 2.0 and pH 12.0. 
 
A.1.2. Analytes - Chlorophenols 
In  the  first  study  (Chapter 2),  four  chlorophenols  were  used  as  the  target  
analytes. 4-Chlorophenol (4CP) and 2,4-dichlorophenol (24DCP) were purchased 
from Sigma-Aldrich. 2,4,6-Trichlorophenol (246TCP) and pentachlorophenol (PCP) 




All standard stock solutions of the analytes were prepared in methanol at a 
concentration of 10,000 mg/L. They were subsequently diluted with methanol and 
spiked daily into ultrapure water at a concentration of 5 mg/L of each of the analyte 
for the subsequent EME experiments.  
 
A.1.3. Analytes – Acidic and basic drugs 
Acidic NSAIDs and basic β-blockers were chosen as model analytes for 
simultaneous EME (Chapters 3 and 4). The following were from Sigma-Aldrich: 
ibuprofen, naproxen, ketoprofen, diclofenac, propranolol hydrochloride (HCl) and 
norephedrine HCl. Alprenolol HCl was obtained from Sigma Chemicals (St Louis, 
MO, USA).  
Stock standard solutions of each analyte were prepared separately in methanol 
at 1000 mg/L and stored at 4.0°C. A working standard solution of analyte mixture at 
10 mg/L was prepared by dilution with methanol for the extraction procedure. The 
optimization experiments were performed with ultrapure water containing 0.17 mg/L 
of each of the analyte. 
 
A.1.4. Analytes - Estrogens and OCPs 
The extraction of three estrogens and three OCPs were also studied (Chapter 
4). Estrone, 17β-estradiol and 17α-ethynylestradiol were obtained from Sigma 
Chemical. Heptachlor was from Spex (Metuchen, NJ, USA). Trans-chlorodane was 
purchased from Dr Ehrenstorfer (Augsburg, Germany) while Mirex was from Sulpeco 
(Bellefonte, PA, USA). 
Stock standard solutions of each analyte were prepared separately in methanol 
at 1000 mg/L and stored at 4.0°C. Sample solutions were prepared daily by dilutions 
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with ultrapure water. The optimization experiments were performed with solutions 
containing 0.2 mg/L of each of the analyte. 
 
A.2. Instruments and separation systems 
A.2.1. EME voltage supply 
The d.c. power supply used was a multi channel electrophoresis system MCE-
PS468 with programmable voltage in the range 0-5 kV (CE Resources, Singapore). 
 
A.2.2. HPLC analysis 
A Shimadzu (Kyoto, Japan) HPLC system, including LC-20AD HPLC binary 
pumps, a DGU-20A5 degasser, a dynamic mixing chamber and an SPD-20A UV 
detector, was used for the separation and determination of the chlorophenols. The 
separation was performed on a 250 mm × 4.6 mm ID, 5 µm, Phenomenax 
HyperClone C18 column (Torrance, CA, USA). The mobile phase consisted of 
acetonitrile and water (pH 3). Phosphoric acid was used to adjust the pH of the mobile 
phase. Direct sample introduction was carried out using a Rheodyne six-port 
switching valve (Rohnert Park, CA, USA) with a 20 µL loop. Chromatographic 
separations were performed using isocratic elution with a flow rate of 0.5 mL/min for 
each pump while detection was carried out at a wavelength of 220 nm. The 
chromatographic data were collected and recorded using LCsolution Version 1.22 
software from Shimadzu. 
 
A.2.3. GC-MS analysis 
In the second study, the final extract, consisting of both acidic and basic drugs, 




would involve solvent-exchange, and also possibly different columns for the analysis 
of the different classes of drugs. Therefore, GC-MS was selected for convenience and 
compatibility with direct injection of an organic acceptor phase.  
Analysis was carried out using a Shimadzu QP2010 GC-MS system equipped 
with a Shimadzu AOC-20i autosampler and a DB-5MS fused silica capillary column  
(30 m × 0.25 mm i.d., 0.25 µm film thickness) made by J&W Scientific (Folsom, CA, 
USA). High purity (99.999 %) helium was used as the carrier gas at a flow rate of 2.2 
mL/min. The derivatized extract was injected into a split/spiltless injector under 
splitless mode after a sampling time of 2 min (i.e. derivatized extract was retained in 
the injector port for 2 min). The injection temperature was set at 300ºC, with the MS 
interface temperature at 280ºC. The GC temperature program was as follows: initial 
temperature 70ºC, held for 2 min; then increased by 10ºC/min to 240ºC, held for 8 
min; and a final increase at 10ºC/min to 300ºC, held for 5 min.  
For the simultaneous analysis of all NSAIDs, β-blockers, estrogens and OCPs, 
conditions on the Shimadzu QP2010 GC-MS system were modified. A carrier gas 
flow rate of 2.16 mL/min was used. The GC temperature program was as follows: 
initial temperature 90ºC, held for 2 min; then increased by 10ºC/min to 220ºC, held 
for 8 min; and a final increase at 10ºC/min to 300ºC, held for 5 min.  
In both GC-MS programs, data acquisition was performed in full scan mode 
across a mass range of m/z 50-550 to confirm the retention times of the analytes, and 
selective ion monitoring (SIM) mode was performed for the determination of the 
target analytes. The most abundant ion present was selected as the quantitative ion, 





Appendix B. Experimental (Part 3) 
 
B.1. Reagents and standard solutions 
B.1.1. Chemicals and materials 
 HPLC-grade methanol, 1-hexane and acetone were bought from Tedia. 1-
Octanol was obtained from Sigma-Aldrich while toluene was from Fisher Scientific. 
Isooctane was obtained from Merck. Derivatization agent trimethylphenylammonium 
hydroxide (TMPAH) and N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide 
(MTBSTFA) were purchased from Supelco and Alfa Aesar respectively. NaCl was 
supplied by Goodrich Chemical Enterprise. Ultrapure water was prepared on a 
Nanopure water purification system. The following were purchased from La-Pha-
Pack (Langerwehe, Germany): 2.0 mL clear and amber vials with magnetic screw 
caps, 100 µL glass inserts with top spring and 250 µL glass inserts with bottom spring. 
Universal 1000 µL blue pipette tips were bought from Sorenson Bioscience (Salt 
Lake City, UT, USA) and disposable 3 mL polyethylene Pasteur pipettes were bought 
from Fusion Scientific (Melbourne, Victoria, Australia). 
 
B.1.2. Analytes – Carbamate pesticides 
In the first fully-automated in-syringe dynamic LPME study (Chapter 5), four 
carbamates were used as the target analytes. Carbaryl, methiocarb, aminocarb and 
promecarb were purchased from Chem Service (West Chester, PA, USA). Individual 
stock solutions of each carbamate were prepared in methanol at 1000 mg/L and stored 
at 4ºC. Sample solutions were prepared daily by spiking the stock solutions into 
ultrapure water. For the optimization study, solutions were prepared at a concentration 




B.1.3. Analytes - Chlorophenols 
The extraction of four chlorophenols (4CP, 24DCP, 246TCP and PCP), 
obtained from Sigma–Aldrich, was investigated using fully-automated dynamic in-
syringe LPME (Chapter 6). 
All standard solutions of the analytes were prepared in acetone at a 
concentration of 50 mg/L of each of the analytes. Sample solutions were prepared 
daily by dilutions with ultrapure water. The optimization experiments were performed 
with solutions containing 0.2 mg/L of each of the analyte. 
 
B.1.4. Analytes – Nitroaromatic compounds and OCPs 
For the investigation of simultaneous extraction of two different classes of 
analytes using fully-automated two-phase LPME, three nitroaromatics and four OCPs 
were chosen as model analytes (Chapters 7 and 8). Nitrobenzene (NB), 2-nitrotoluene 
(2NT) and 3-nitrotoluene (3NT) were all purchased from Merck. Heptachlor (HTC) 
was from Spex. Hexachlorobenzene (HCB), dieldrin (DD) and endrin (ED) were 
obtained from Riedel-de Haën.  
Individual stock solutions of standards were dissolved separately in methanol 
at 1000 mg/L and stored at 4oC. Working solutions containing the three 
nitroaromatics and four OCPs were prepared by spiking them into ultrapure water 
every day. The concentrations of analytes were 0.05 mg/L for nitroaromatics and 2 
mg/L for OCPs for the optimization study.  
 
B.2. Instruments and separation systems 
B.2.1. CombiPAL autosampler 
140 
 
 A CTC Analytics CombiPAL autosampler (Zwingen, Switzerland) controlled 
by the Cycle Composer software was attached to the GC-MS system in order to 
perform the fully-automated procedures. A 10 µL Hamilton GC microsyringe (Reno, 
Nevada, USA) was used as an extraction tool (in Chapters 5 and 6) and for injecting 
the extracts into the GC-MS. 
 
B.2.2. GC-MS analysis 
Analysis of all the target analytes was carried out using a Shimadzu QP2010 
GC-MS system and a DB-5MS fused silica capillary column  (30 m × 0.25 mm i.d., 
0.25 µm film thickness) made by J&W Scientific. High purity (99.999 %) helium was 
used as the carrier gas and the MS system was operated in the electron impact 
ionization mode. Data acquisition was performed in full scan mode across a mass 
range of m/z 50-550 to confirm the retention times of the analytes, and SIM mode was 
performed for the determination of the target analytes. The most abundant ion present 
was selected as the quantitative ion, while a further two ions were used for 
confirmation of individual compounds. 
For the analysis of carbamates, the carrier gas was set at a flow rate of 1.7 
mL/min. The injector temperature was kept at 270ºC and operated in the splitless 
mode. A deactivated single gooseneck splitless inlet liner (3.5 mm i.d., 5.0 mm o.d., 
95 mm length) with glass wool from Restek Corporation (Bellefonte, PA, USA) was 
used. Purge time was set at 1 min and the split ratio at 26.6:1 according to the GC-MS 
manufacturer’s recommendation when total flow rate was set at 50 mL/min. The MS 
system was operated in the electron impact ionization mode and the interface 
temperature was set at 220ºC. The GC temperature program was as follows: initial 




increase at 5ºC/min to 165ºC and a final increase at 30ºC/min to 260ºC, held for 2 
min. SIM mode was performed with the molecular ion and one to two characteristic 
fragment ions of each compound as follows: m/z 158, 143, 115 for carbaryl; m/z 182, 
167, 152 for methiocarb; m/z 164, 149 for promecarb and m/z 165, 150 for aminocarb. 
As for the analysis of chlorophenols, the carrier gas flow rate was1.64 
mL/min. The injector temperature was kept at 280oC and operated in the splitless 
mode. The MS interface temperature was also set at 280oC. The temperature program 
was as follows: initial temperature of 70oC, held for 1 min; increased to 115oC at a 
rate of 25oC/min; followed by an increase to 155oC at a rate of 10oC/min and a final 
increase to 300oC at 30oC/min, held for 2 min. SIM mode was implemented with the 
following characteristic [M-57]+ tert-BDMS fragment ions monitored: m/z 185 for 
4CP; m/z 219 for 24DCP; m/z 255 for 246TCP and m/z 323 for PCP.  
For the simultaneous analysis of the nitroaromatic compounds and OCPs, a 
carrier gas flow rate of 2.0 mL/min was used and the MS injector temperature was 
maintained at 300oC. The extract was injected into the injector under the splitless 
mode. The MS interface temperature was set at 280oC. The GC temperature program 
was as follow: initial temperature 60ºC, held for 3 min; increased by 20ºC/min to 
130ºC, held for 1 min; then increased by 25ºC/min to 250ºC and a final increase at 
18ºC/min to 290ºC, held for 2 min. The total run time was 16.45 min. The SIM mode 
was performed with three m/z values for each analyte as follows: m/z 51, 77, 123 for 
NB; m/z 65, 92, 120 for 2NT; m/z 65, 92, 137 for 3NT; m/z 142, 249, 284 for HCB; 
m/z 65, 100, 272 for HTC; m/z 79, 108, 263 for DD and m/z 81, 245, 263 for ED. 
 
